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ABSTRACT

An abstract of the thesis of Jon J. Franczyk for the Master of Science in Geography
presented March 4, 2008.

Title: The Effects of Climate Change and Urbanization on the Runoff of the Rock
Creek Basin

Climate changes brought on by global warming are expected to have a signiftcant
affect on the Pacific Northwest hydrology during the 21 51 Century. Current research
anticipates higher mean annual temperatures and an intensification of the
hydrological cycle. This is of particular concern for highly urbanized basins, which
are considered more vulnerable to changes in climate. Because the majority of
previous studies have addressed the influences of either climate or urban land cover
changes on runoff, there is a lack of research investigating the combined effect of
these factors. The Rock Creek basin (RCB), located in the Portland, OR,
metropolitan area, has been experiencing rapid urban grov.'lh throughout the last 30
years, making it an ideal study area for assessing the affect of climate and land
cover changes on runoff. Methods for this assessment include using a combination
of climate change and land cover change scenarios for 2040 with the semidistributed AVSW AT-X (Arc View Soil and Water Assessment Tool) hydrological
model to determine changes in mean runoff depths at the monthly, seasonal, and

annual scales. Statistically downscaled climate change results from the ECHAM5
general circulation model (GCM) found that the region would experience an
increase of 1.2°C in the average annual temperature and a 6% increase in average
annual precipitation between 2030 and 2059. The model results revealed an
amplification of runoff from either climate or urbanization. Projected climate
change plus low-density, sprawled urban development for 2040 produced the
greatest change to mean annual runoff depth (+5.5%), while climate change plus
higher-density urban development for 2040 resulted in the smallest change
(+5.3%), when compared to the climate and land cover of2001. The results of this
study support the hypothesis that the combination of both climate change and
urbanization would amplify the runoff from the RCB during the 21 ''Century. This
has significant implications for water resource managers attempting to implement
adaptive water resource policies to future changes resulting from climate and
urbanization.
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1. INTRODUCTION

In the field of hydrology, there has been extensive research assessing the
affect of either urbanization or climate change on watershed runoff. However, the
combined effect of these two variables has been coming under increased scrutiny in
recent years in order to assess the regional influence of climate change on
developing watersheds. The hydrological characteristics of a watershed are
dependent on a variety of factors, including the regional climate and the degree of
development. Changes in either or both of these factors can significantly alter the
volume and timing of runoff throughout the watershed. It follows that research
attempting to assess the future availability of regional water resources would
incorporate both aspects into their modeling methods.
The 2007 International Panel for Climate Change (IPCC) Fourth
Assessment Report (FAR) has concluded that the global average surface air
temperature has increased by 0.74°C during the 20111 Centmy and is projected to
increase fi·om 1.8 to 4.0°C by the year 2100, relative to 1990 temperatures (IPCC
2007). It is widely recognized that these predicted temperature changes are
expected to cause an intensification of the hydrologic cycle at global and regional
scales (Huntington 2006). This intensification has the potential to produce changes
in the temporal and spatial distribution of precipitation, increasing the frequency of
storm intensities and flooding, causing more frequent droughts, and a decrease in
annual snowfall (Georgiyevsky & Shiklomanov 2003, Trenbe1ih et al. 2003,

Huntington 2006, IPCC 2007). There is evidence for increases in heavy
precipitation events, droughts, and extreme temperatures across the globe during
the 20th century, which is considered a good indicator of regional climate changes.
(IPCC 2007, Nicholls and Alexander 2007). The consequences of climate change at
the watershed scale are dependent on watershed characteristics, and it follows that
the more stresses and demands placed on the system, the more vulnerable it could
be to these changes (Arnell2000). These stresses could include decreased runoff
· volumes or significant changes in the temporal and spatial distribution of runoff
(Arnell 2004).
Land cover change within a watershed is recognized as an important factor
affecting runoff, and it is possible that the transformation of land across the globe
could have a greater influence on runoff than climate change (Vorosmarty et al.
2000). At the watershed scale, the influence of climate change on runoff can be
further exacerbated by increased urban development, as well as other changes in
land uses and vegetation (Georgiyevsky & Shiklomanov 2003). In fact, Defries and
Eshleman (2004) suggest that the hydrological impact of land use change is a major
issue for the 21" Century. Expanding impervious surfaces from urban growth
contribute to reducing groundwater recharge and can increase the volume and
flashiness ofrunoff(Dunne & Leopold 1978, Schueler 1994). Palmer et al. (2004)
stated that watersheds developed closer to their maximum sustainable level of use
are considered the most vulnerable to changes in climate (Palmer et al. 2004).

2

Globally, the urban population has increased by 100% throughout the last
quarter of the 201" Century (Chin 2006). This trend is expected to continue and
nearly all of the population growth in the next 30 years is projected to occur in
urban areas (Aiig et al. 2004). One of the repercussions of this expansion will be
the potential for significant impacts on local and regional water resources, thus
reducing the resilience of their water supply systems (Dunne & Leopold 1978,
Schueler 1994). The ability to study the hydrological consequences ofland use
changes at various scales has been advancing at a rapid rate because of the
increasing availability of satellite data for observing land use changes, as well as
improvements in modeling capabilities (Defries and Eshleman 2004). Research that
is able to reproduce the spatial and temporal extent of watershed processes while
integrating new climate and land cover datasets will provide a valuable means for
developing adaptable water resource management policies.
Watersheds throughout the Pacific Northwest (PNW) are expected to
experience the affects of both climate change and urbanization during the 21 ' 1
Century. Climate projections for the PNW anticipate mean temperatures rising by
approximately 1.5°C by 2020 and 2.3°C by 2040 when compared to the year 2000.
In addition, annual precipitation is expected to increase, primarily because of
increased winter rainfall, while summers become drier, especially in the later
summer months. This will translate into earlier spring runoff and declining summer
stream flow trends (Palmer & Hahn 2002, Mote et al. 2003, Snover et al. 2003,
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Palmer et aL 2004). Indeed, seasonal shifts in flow, not changes in total annual
flow, are expected to have the greatest affect on the stream flow of rivers
throughout the PNW (Mote eta!. 2003, Graves and Chang 2007).
However, the influence of climate change must be considered against the
backdrop of rapid regional land development. Since 1970, the population in the
PNW has expanded at almost twice the rate of the national average, significantly
contributing to human influences on the hydrology of the region (Mote et a!. 2003 ).
This is particularly true in the larger urban centers, including Pottland, OR.
Population in the Pottland Metropolitan Area, OR, especially within the Urban
Growth.Boundary (UGB), has more than doubled between 1950 and 2000
(Edmonston 2003). The high rate of urban growth in this region, combined with
potentialregional climate changes will have a significant influence on the runoff
characteristics of local urbanizing watersheds.
In order to address these issues at the local scale, the objective of this study
is to determine the affect of both climate change and urbanization on the volume
and timing ofmnofffrom the Rock Creek basin, OR. The study hypothesis states
that the combination of climate change and urban growth will amplify the volume
of runoff from the Rock Creek basin between2030 and 2059, when compared to
the contemporary period (1971- 2002). This analysis period was chosen based on
the availability of projected climate and urban growth data for the region, as well as
its similarity to comparative studies. The following research questions are
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considered: (1) What percentage and density of urban growth within the Rock
Creek basin will induce the greatest changes in runoff? (2) How will projected
urban growth influence runoff from the basin between 2030 and 2059? (4) What
potential affect will a current regional climate change projection for 2030- 2059
have on the Rock Creek basin's runoff? (5) What will be the combined affect of .
urban growth and climate change on the runoff fi·om the Rock Creek basin between
2030 and 2059?
This thesis will contribute to hydrological research in two ways. First, it
will investigate a local watershed using projections based on the most current
regional climate and land use assessments and thus be useful to creating regional
water management policies. Second, it will add to a small but growing body of
research examining the combined influence of climate change and urbanization on
watershed mnoff.
This study will first review previous scientific research detailing how
urbanization, climate change, and a combination of the two have been found to
affect watershed runoff. Next, it will provide a description of the hydrological
model and the data and methodology used in this assessment. Finally, the results
will be summarized, followed by a discussion as to how they compare with other
relevant studies and their significance to hydrological research.
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2. LITERATURE REVIEW

In order to address the combined affect of urbanization and climate change
on runoff, this study will begin with reviewing literature concerning the affects of
urbanization on watershed runoff, including the issues ofthresholds, location, and
modeling methods and uncertainties. Next, it will review the recent research for
determining the affects of climate change on watershed runoff and will discuss the
development and use of emission scenarios in GCMs, regionalization
(downscaling), how different GCMs can provide different results, and the
uncetiainties involved in climate modeling. Finally, it will examine recent studies
that have assessed the combined affects of urbanization and climate change and
how the methods for assessing each phenomenon are combined.

2.1. Land Use Affects on Watershed Hydrology

It is well established that increased agricultural and urban land cover can
produce modifications in evapotranspiration, runoff quality and quantity, and
infiltration rates. After precipitation falls, it will do one of three things: (1) infiltrate
into the ground, (2) evaporate into the air, or (3) run off into streams or rivers. As
urbanization progresses, it inhibits or alters these processes by both increasing the
amount of impervious surfaces and decreasing vegetation cover. Impervious
surfaces, such as parking lots, buildings, roads, and sidewalks, can introduce
changes in the timing and volume oflocal or regional runoff, increase peak
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discharges as a response to storm events, and create higher risk for flooding. As
urban land use expands, the removal of vegetation can cause a reduction in
evapotranspiration rates, thus increasing potentialmnoff. Table 1 lists the results of
select urbanization impact studies.

Table 1: Previous studies investigating the affects of urban growth on watershed
runoff.
Author
Beighley &
Moglen (2002)

Study Area
BaltimoreWashington
DC, USA

Moglen&
Beighley
(2002)
Niehoff et al.
(2002)

Washington
DC, USA

Lein River,
Germany

Grove et al.
(2001)

Indiana, USA

Tang et al.
(2005)

Muskegon

Model
Empirical
(t-test,
Kendall's tau,
Spearman
Rank)
Lumped
(TR-55)
Distributed
(WaSiMETH)
Lumped
(L-THIA)

Results
Significant positive trend in dischargeprecipitation ratio for majority of 11 studied
watersheds

Two-year peak discharge doubled over 46year period as urban land use reached 57% of
watershed
Increases in peak tUnoff and flood volumes
due to urbanization more pronounced for
high-intensity, short-term storm events
Related reduction of pervious surfaces to
increase in precipitation to runoff ratio and

mean annual runoff
River, MI,

Lumped
(L-THIA)

USA
Pinter et al.
(2006)
Chang (2007)

Olivia&
Defee (2007)

Rhine River,
Germany
Portland, OR,
USA

Texas, USA

Empirical
(Regression)
Empirical
(Kendall's
tau, t~test,
KruskallWallis)
Empirical
(Regression)

A 25% increase in mean annual runoff
volumes for areas of unchecked urban growth
by 2040
Related 65% increase in urban area with shift
in rainfall-runoff relationship
Urbanized watersheds displayed significantly
shorter durations of stonn runoff and lower
base-flow

Urbanization explained significant increase in
peak flows and annualtUnoff depth
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2.1.1. Urbanization Thresholds
It has been determined that there is an approximate percentage of
urbanization that must occur within a watershed before there is a significant change
in its tun off regime. Several studies, using empirical and/or physical modeling
methods, have concluded that impervious surfaces must exceed a threshold of 10%
to 20% of the total watershed area before significant modifications in watershed
characteristics occur, including a potential 200- 500% increase in estimated runoff
(Schueler 1994, Beighley & Moglen 2002, Booth et al. 2002, Chin 2006, White &
Greer 2006). In regards to water quality, which is in part dependant on mnoff
volume, the U.S. Environmental Protection Agency has considered watersheds with
approximately 10% impervious area as "unable to suppott a high quality stream
system" (Olivera & DeFee, 2007, p. 180). Using regression models, Olivera &
DeFee (2007) examined runoff depths throughout developed areas of the Whiteoak
Bayou, TX, and found that, once the amount of impervious surfaces within the
watershed reached 10%, a positive linear relationship between tunoff and
increasing urban growth developed. This resulted in an increase in annmil runoff
depths and peak flows (146% and 159%, respectively). One conclusion of this
study was that, at this threshold, the watershed had exceeded its capacity to
assimilate land changes and continue to maintain its natural runoff patterns. Booth
et al. (2002) revealed that river discharges in King County, Washington, were
affected well below the 10% threshold when a significant propotiion of the
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watershed was simultaneously cleared of forest, indicating that this threshold cau
also be influenced by the combined effect of cleared land and increased impervious
surfaces.

2.1.2. Location of Urbanization with ill a Waters/zed
The location of urban growth within a watershed can also influence
localized modifications in the timing aud volume of runoff by concentrating the
impervious surfaces and/or increasing the connectivity between storm drainage
pathways. By analyzing runoff changes at the sub-watershed scale, the analysis of
the Whiteoak Bayou, TX by Olivia & DeFee (2007) revealed that the highest
change in watershed response over time occuned as patches of urban land cover
became interconnected through continued growth, what they called "landscape
saturation." This interconnection allowed for the increased conveyance of runoff
throughout the watershed and coincided with increased annual runoff depths and
peak flows. Schueler (1994) indicated that creating higher-density urban clusters
instead of sprawl will minimize the influence of impervious surfaces on stream
flow fluctuations. In fact, Scheuler (1994) and Moglen and Kim (2007) both
conclude that developing urban "centers" or concentrations of urbanization within a
watershed will have smaller negative affects on runoff than low-density urban
growth. Finally, development should ideally occur closer to the main channel
downstream from the headwaters so that mnoff contributions from urban land will
have a smaller influence on the overall basin stream flow (Moglen and Kim
9

2007). This was also expressed in Bosch et al. (2003) where modeled high-density
development in the headwaters of the Black Creek watershed, Virginia, USA (145

km2) showed a higher affect on peak response for storms (<!-year) when compared
to development in the middle of the watershed or at the outlet.

2.1.3. Affect of Scale 011 RunoffAnalysis
Establishing the direct source of changes to watershed runoff becomes more
complex at a larger spatial scale. In a study of the Camel watershed (210 km2), UK,
Sullivan et al. (2004) showed that between 1965 and 2000, long-term alterations in
the runoff response were the result of the combination of variations in climate,
increased agricultural activity and urban expansion. This research emphasized the
difficulties in determining the direct effects of changes in multiple land uses on
flood events at the basin scale. Their reasoning concluded that, for larger ·
watersheds, existing water storage mechanisms, the spatial extent and location of
urban growth, and the runoff response of sub-watersheds all help to determine the
influence of urbanization (Sullivan et al. 2004, Wheater 2006). As underlined by
Tollan (2002) and Chang (2003), land modifications within small watersheds have
the greatest affect 011 changes in stream flow and potential flooding. Moglen and
Beighley (2002) also stressed that, while measurements of peak discharge at the
watershed outlet may reflect overall land changes throughout the basin, in a
watershed that contains spatially varied densities in urban cover, individual sub-
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basins may show a greater or lesser affect because of different levels of impervious
surfaces.

2.1.4. Hydrological Models
Hydrologic research has employed different methods for assessing the
influence of urbanization on watershed hydrology. Typically, this is accomplished
through the use of models designed to represent real world water resource systems
and processes. There are several different types of hydrological models available,
the choice of which is dependent upon the study purpose, as well as data
availability, time scale and cost. Empirical models, which are typically based on
statistical analysis such as linear or multiple regressions, are generally not designed
to explain physical processes, but to depict how the water resource system behaves.
For example, they have been used to analyze whether trends in measures of historic
runoff, such as mean annual runoff, mean seasonalmrtoff ratio, and/or annual peak
runoff ratio, are influenced by urban land development. One of the primary
advantages of empirical models is that they are relatively simple; however, the
validity of data relationships and final results must be well-understood or
significant error can be introduced.
Conceptual models characterize basic processes occurring within the
hydrological system through apparent behaviors. Typically, they represent the
system as a series of stores and fluxes, each signifying different aspects of the
natural character and/or man-made infrastmcture (i.e. reservoirs) within the
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watershed. They can be designed to simulate the operation of reservoir systems, .
such as calculating seasonal or annual yield, and are used extensively in water
resource planning. Finally, physically-based models represent many of the physical
processes that take place within the watershed and are much more detailed than the
previous modeling methods. These include lumped, semi-distributed, and
distributed model types. They are useful for more detailed analysis, such as
assessing groundwater pollution and designing flood defenses, as well as predicting
watershed behavior under various conditions. These advantages can be offset by the
complexity of model design and data requirements (Watts 1997, Lyon 2003, Singh
and Frevert 2006).
The scale of study is also important in selecting the type of hydrological
model to be used. Lumped models treat the watershed as one unit, with parameters
spatially averaged together to form a simple representation of hydrologic processes.
One example of the good use of this approach is the use of temperature data from
only one weather station and extrapolating the data throughout an entire watershed.
A disadvantage is that typically the runoff results are only verifiable at the outlet,
and cannot characterize how water moves within the watershed itself. Distributed
models are typically physically-based and represent the watershed as a grid, with
each grid cell representing hydrological charactetistics specific to that cell (e.g.,
precipitation or evapotranspiration). In this way, the watershed is represented in
much more detail and spatial changes throughout the basin can be determined. A
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disadvantage of this approach is that they are much more complex than lumped
models, have significant data requirements, and their computation time is longer.
Semi-distributed hydrological models combine the advantages of each form of
model. They divide the watershed into smaller, homogeneous units (sub-basins),
whose averaged values are then aggregated at various points throughout the
watershed. Increasingly, the distributed and semi-distributed-parametermodels are
preferred because of their ability to include more watershed system details, which
increases the accuracy of their runoff calculations (Watts 1997).
As the integration of water resource models with Geographical Information
Systems (GIS) has continued to evolve, numerous governmental and research
organizations have developed predictive hydrological models that have been used
in assessing the affects of climate and land use changes on hydrological
characteristics at the watershed scale. Model examples include the Soil and Water
Assessment Tool (SWAT) hydrology model, developed by the USDA and used
extensively in impact studies for climate change (Jha et al. 2004, Thomson et al.
2005, Zhang et al. 2007) and land change (Chen et al. 2005) assessments; and the
· Variable Infiltration Capacity (VIC) macroscale hydrology model, developed at the
University of Washington, and employed in numerous climate change impact
studies in the western U.S. (Christensen et al. 2004, VanRheenen et al. 2004,
Vicuna et al. 2007). The ability to incorporate spatial data, visually display and
analyze watershed characteristics, and produce quality maps of model outputs are
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just some of the advantages of using a GIS interface (Lyon 2003, Martin eta!.
2005). Disadvantages include model complexity and a lack of available data or
high-resolution data (Grove et a!. 2001 ). A certain degree of uncertainty is also
inherent in the modeling process because of the simplification of complex
hydrologic processes built into the model (DeWalle eta!. 2000, Niehoff eta!.
2002).

2.2. Climate Change Affects on Watershed Hydrology

2.2.1. Climate Change am/ Runoff
In addition to population growth and land use changes, the affect of climate
change on water resources is becoming a fundamental concern for water managers
and policy makers (\/oro smarty eta!. 2000, Hallet a!. 2003, Means III et a!. 2003):
. Numerous studies over the past several decades have attempted to assess the affects
it would have at the watershed level for various regions of the world. For example,
in the Western United States, VanRheenen eta!. (2003) determined that, in general,
two watershed types have the greatest risk of being affected by climate change.
These include basins that are dependent on winter rainfall and spring snowmelt,
common in the Pacific Northwest and called "Transient" watersheds, and those that
are highly developed and located in the Southwest and Westem region of the
country, because of increased water demand and vulnerability to even small
droughts. Although there have been many research studies investigating the runoff
response of watersheds to potential changes in temperature and precipitation due to
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global warming (IPCC 2007), this review focuses primarily on studies completed
within the 21st Century. Table 2 lists the results of select studies regarding climate
change impacts on watershed runoff.

Table 2: Previous studies investigating the impacts of climate change on watershed
runoff.
Author

Study
Area
Colorado
River,·
USA

Christenseu
et al. (2004)

GCM
PCM

VanRheenen
eta!. (2004)

California,
USA

PCM

Jba eta!.
(2006)

Upper
Mississippi
River,
USA

Graham et
al. (2007a)

Sweden

CSIRO
CCC,
CCSR,
GFDL,
HadCM3
HIRHAM
(RCM)

Thodsen
(2007)

Holland

HIRHAM
(RCM)

Study
Period
1950·
1999,
20102098
19952099

Model

Results

Distributed
(VIC)

19681997,
2061,
2090

Distributed
(SWAT)

19611990,
20712100
20712100

SemiDistributed
(HBV)

Annual runoff reduced biup
to 17% and water resource
system performance show up
to 40% reduction
A greater reduction in stream
flow and stronger seasonal
shift in nmoff in southern
basins compared to northem
ones
Results generally indicated an
increase in runoff,
particularly in winter
(increased precipitation) and
spring (increased snowmelt).
Increased annual river flows
and earlier spring peak flows
from snow melt

Lumped
(NAM)

Observed a 7% increase in
mean annual precipitation

Distributed
(VIC)

and a 12% increase in mean
Vicuna et al.
(2007)

Central
Valley,
CA,USA
I

PCM,
HadCM3

19611999,
20202049,
20702099

Distributed
(VIC)

annual runoff
Reduced stream flow caused
by decreased precipitation
and late spring snow pack by
late 21" Century

PCM ~Parallel Climate Model, US National Centre for Atmospheric Research
CSIRO ~Australian Commonwealth Scientific and Industrial Research Organization
CCC~ Canadian Centre for Climate Modeling and Analysis, Canada
CCSR ~Japanese Centre for Climate Systems Research
GFDL ~US Geophysical Fluid Dynamics Laboratory
HadCM3 ~ UK Hadley Centre for Climate Prediction and Research
NCAR-DOE =US National Centre for Atmospheric Research
HIRHAM ~Max Planck Institute for Meteorology
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2.2.2. Issues of Scale and Uncertainty
GCMs are able to generate large spatial climate projections, but their
accuracy diminishes at the regional or river basin scale necessary for water resource
research (Varis et al. 2004, Giorgi 2005). Krysanova et al. (2007) set the resolution
tlu·eshold necessary for effective use in macroscale hydrology models at 1Okm, a
level of accuracy not yet attainable by current GCMs. Because the higher resolution
climate data are necessary for watershed studies, "regionalization" of GCM outputs
has been developed using statistical or dynamic downscaling methods in an attempt
to resolve this mismatch (Xu 1999, Varis et al. 2004, IPCC 2007). Statistical
downscaling involves finding the statistical relationships between the large-scale
climatic variables, regional physiographic characteristics, such as topography, and
gage observations. This can be accomplished through the use of weather
generators, transfer functions, or weather typing schemes. Dynamic downscaling is
physically-based and developed using similar mathematical techniques as those of
GCMs, but at a higher grid resolution. Dynamic methods require greater amounts
of computer power than statistical methods, but can achieve a much greater
resolution (Xu 1999, Varis et al. 2004, Krysanova 2007). In studies comparing two
downscaling methods ofNASA's GISS GCM, the multiple linear regression model
and MM5 dynamical model, Spak et al. (2007) found no significant difference in
their ability to reproduce historical regional temperature parameters throughout
North America. However, each method developed very different .spatial
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temperature patterns when projecting future climate. Using the Parallel Climate
Model (PCM) GCM, Wood et al. (2004) emphasized the need for bias col'l'ection
step for both statistical methods (BCSD- Bias-Corrected and Spatial
Disaggregation) and a dynamic RCM in order to produce similar acceptable results.
The degree of uncettainty in GCM outputs increase as the model resolution
increases (Giorgi 2005). Uncertainty in the results of GCMs is attributed to (1)
model configuration, or the mathematical representations of climate, (2) internal
model variability, and (3) realistically reproducing the stochasticity of future.
natural climate. It is impmtant to note that when uncettainty in the temperature
results derived from GCMs is combined with the uncertainty inherent in
hydrological models, they can produce an increasing or "cascading" effect (Giorgi
2005). Although there is general agreement within the scientific community on the
degree of global temperature increases projected by GCMs, there is less confidence
sutl'ounding projected changes in precipitation amounts and seasonal variations,
patticularly at the local and regional scale (Giorgi 2005, Barnett et al. 2006, IPCC
2007). This can also be ofpatticular impmtance in mountainous basins where the
climate is more variable versus basins with more homogeneous climates
(Bergstrom et al. 2001). The primary method used in the past for reducing
uncettainty in climate change assessments is by using multiple GCMs in order to
get a range of temperature and/or precipitation parameters (IPCC 2007). Once
downscaled, the RCM is considered to have significantly reduced uncettainty when
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compared to the original GCM (Hingray et al. 2007). Finally, Graham et al.
(2007b) discovered that using different RCMs based on one GCM had less of a
hydrological impact than using RCMs derived from multiple GCMs.
The choice of GCM used in research can also influence the study results,
patticularly at the regional scale. While assessing the influence of climate change
on global water resources using six climate models, Arnell (2004) showed
inconsistencies among precipitation results from each model. In East Asia, two of
the models used (HadCM3 and ECHAM4) simulated increases in precipitation,
while the remaining four (CSIRO-Mk2, CGCM2, GFDL-r30, and CCSR)
simulated decreases. This also occurred in Eastern North America, where three
GCMs predicted increases, while the other three predicted the opposite. Some
GCMs are considered "wetter" or 'drier" because of their general tendency to
produce higher or lower precipitation amounts, when compared to other climate
models (Vicuna & Dracup 2007). In fact, studies by Jha et al. (2006), Wilby et al.
(2006), Graham et al. (2007a) and Thodsen (2007) all repotted that their choice of
GCMs in their research methodologies greatly influenced the runoff results from
their hydi'ologic models.

2.3. Land Use and Climate Change Affects on Watershed Hydrology

The majority of previous hydrology studies have not focused on measuring
the combination of land-use and climate change affects on watershed runoff.
However, increasing expansion of the human footprint on the land has driven new
18

research concerning this topic~ The complex interactions between changes in
climate and urbanization should be included in water availability assessments, as
both factors can significantly alter the hydrology of a watershed (De Walle et al.
2000). For example, as warmer temperatures associated with climate change are
predicted to enhance ET, this could bring about a reduction in groundwater
recharging. When further exacerbated by expanding impervious surfaces, the
combination could lead to record low flows in urban streams. However, more
impervious surfaces within a watershed could also offset the increase in ET from
temperature and potentially minimize the impact from either factor (Hej azi and
Moglen 2007). Urbanization may also enhance the volume and timing of runoff
produced by the increasingly variable and intense precipitation events expected to
occur under climate changes (Huntington 2006), thus contributing to flashier runoff
and more flooding (Reynard et al. 2001, Choi 2004). In fact, Choi (2004) reported
that, when compared to mral basins, urbanizing watersheds exhibited a greater
maximum change in mnoff from climate change.
Studies that address this combination typically assess either (1) the
sensitivity of river runoff to changes in climate and land cover or (2) the magnitude
of the combination of these factors on runoff. The methods used for assessing the
affects of climate and land use on runoff have been varied. Barlage eta!. 2002,
Chang 2003, and Chen eta!. (2005) all employed physically based hydrological
models that effectively simulated the affects of changes in both climate and land
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use on basin hydrology characteristics. In Barlage eta!. (2002) and Chang (2003),
inputs to their models included scenarios that projected changes in climate and/or
scenarios that projected changes in land-cover. By inputting each scenario
separately or combining different climate projections with land cover scenarios,
they were able to determine whether changes in climate, land cover, or both would
potentially have the greatest affect on watershed runoff. Chen eta!. (2005) used a
similar methodology as the two previous studies; however, their focus was to
separate the influence of historical climate variation and land cover change from
the runoff of the Suomo basin, China from 1960 to 1999. The study found that
climate change, not land development, contributed the most to runoff fluctuations
over the forty-year period. By using an equation describing the water budget for a
river basin, Claussens eta!. (2006) empirically determined stream flow changes in
the Ipswich River Basin, MA based on calculated variations in ET caused from the
combination of changes in climate and land use. Table 3 summarizes the results of
selected studies regarding the combined climate change and urbanization influences
on watershed mnoff.
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Table 3: Previous studies investigating the combined affect of urban growth and
climate change on watershed runoff.

Barlage et
aL (2002)

Study
Area
Michigan,
USA

Chang
(2003)

Pennsylva
nia, USA

CCC,
HadCM2

Chen et al.
(2005)

Upper
Yangtze

None

Author

GCM
HadCM2

Rivert
Claussens
et al.
(2006)

China
Massachu
setts, USA

CCC,
HadCM2

Study
Period
19942003,
2090·
2099

19701990;
2025;
2034
1970,
1986,
1999
1931·
1998,
2101

Samanieg
o&
Bardossy
(2006)

Germany

CGCMI

19612025

Hejazi &
Moglen
(2007)

Maryland,
USA

CCC,
HadCM3

19462000,
2000·
2099

Results

Model
Distributed
(BATS
HYDRO)

Semi·
Distributed
(AVG
WLF)
Lumped
(CHARM),
Distributed
(SWAT)
Water

Balance,
Emperica1
(Kendall's
tau)
Emperical
(non-linear
functions)

Emperical
(regression)

Results showed 4.3% increase
in precipitation-runoff ratio
and a decrease in surface
evaporation, 2.5% from
climate change and 1.6% from
land use
Climate change will have
greater impact on mean annual
stream flow than urbanization
Climate change had greater
impact (60-80%) on mean
annual stream flow than land
cover (-20%).
Increase of residential land use
to 50.5% in watershed
combined with clin1ate change
causes up to 22% increase in
stream flow by 2101
Annual peak event volume
increased between 15% and
43%, compared to reference
period under combined
scenarios. Higher urban
densification produces longer
duration high-volume flows
from winter storm events
Individually, climate &
urbanization produced no low·
flow trends (CCC) &
increasing trends (HadCM3)
in future projections; jointly,
low-flow trends increased
(CCC) or showed no trend
(HadCM3)
·

CGCM! ~Canadian Centre for Climate Modelling and Analysis, Canada
HadCM2 ~UK Hadley Centre for Climate Prediction and Research
CCC~ Canadian Centre for Climate Modeling and Analysis, Canada
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Through the use of land cover datasets based on established regional or
local projections, study results can provide greater value to stakeholders for
evaluating potential land change affects on local watershed runoff. For example,
Barlage eta!. (2002) developed the future land use scenario for the Huron River
Watershed, MN using the 2020 master plan created by the Southeastern Michigan
Council of Governments. Likewise, Chang (2003) used future urban growth
projections within the Conestoga River Basin, PA proposed by the Lancaster
County Planning Commission to develop an urban growth scenario. By using
locally created growth projections, impact st11dies can have a more practical and
localized application by local governments.
While the majority of studies mentioned here have determined that
increasing temperature and precipitation will have a greater influence on watershed
runoff than urbanization, it is acknowledged that urban growth will enhance the
effect of these climate changes (Barlage eta!. 2002, Chang 2003, Chen et al. 2005,
Hejazi & Moglen 2007). Understanding the influence of and interactions between
climate and land use change on river runoff is an imp01tant goal toward assuring
the future availability of water and the development of resilient water resource
management policies.
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3. STUDY AREA DESCRIPTION.
The Rock Creek basin (RCB) (Figure 1) is a low-elevation, rain-fed
watershed located in the western portion of the Portland metropolitan area in
Washington County of Oregon. It encompasses 194.8 km2 with an elevation range
from 386m in the Tualatin Mountains to 36m at the mouth of Rock Creek in the
city of Hillsboro. Rock Creek is a tributary of the Tualatin River (RM 38.1) and is
approximately 30 km in length. It is composed of four primary streams, including
the Rock Creek mainstem, Bronson Creek, Beaverton Creek, and Johrison Creek.
The choice of the RCB as the study area for this assessment is because of its high
level of urbanization and increasing vulnerability to climate changes (Palmer et a!.
2004).
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Figure 1: A descriptive map ofthe Rock Creek basin.
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The climate in the RCB is characteristic of a modified marine climate, with
moderate year-round temperatures and a prevailing westerly flow. It is
characterized by wet, mild winters and dry, warm summers. The basin is
approximately 64 km (40 mi) from the Pacific Ocean, which accounts for mild
average annual temperatures of 11.3°C and mean annual precipitation of
approximately 109.5 em (OCS 2007). The majority of precipitation falls from
November tlu·ough April, primarily in the form of rain. Snowfall is generally not a ·
contributing factor to winter stream flows of Rock Creek. Figure 2 shows the mean
monthly stream flow and precipitation for the RCB region for 2001-2005. This
illustrates Rock Creek's high winter flows and diminishing summer flows that
characterize the seasonal variations in nmoff.
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Figure 2: Mean monthly precipitation and tunoff for the Rock Creek basin
between 2001 and 2005.
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Older Lucustrine silt/clay and fluvial deposits that line the Tualatin Valley
floor and originate from the Missoula Floods characterize the geology of the RCB.
Closer and into the Tualatin Mountains, there is a mixture of Columbia River
basalts and sedimentary formations. Floodplain deposits are found around parts of
Beaverton Creek, and small regions of Boring Lava deposits are located in the
southeastern section of the Tualatin Mountains (Hawksworth 2001). Major soil
classifications found within the watershed include Cascade silt loam (23%), Aloha
silt loam (19%), Cornelius and Kinton silt loam (10%), Woodburn silt loam (9%),
and Helvetia silt loam (7%). Thirty soil classifications ranging from 0.01% to 3.8%
comprise the remaining 32% of the watershed.
The larger population centers of the RCB are located primarily in the
southern region, along the Tualatin Valley floor. The majority of the land area of
the cities of Beavetion and Hillsboro is found within the urban growth boundary in
the Rock Creek watershed (see Figure 3). Unincorporated cities include Cedar Mill
and Aloha.
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Figure 3: Location of the Rock Creek basin relative to P01tland, OR and
the suiTounding urban growth boundary.
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Washington County has become one of Oregon's fastest growing regions;
both Beaverton and Hillsboro have experienced similar rapid urban growth.
Beaverton's population has increased by 10.7% fi·om 83,095 in 2000 to an
estimated 84,270 in 2006, and Hillsboro has seen an estimated 20.3% increase
during the same period. This is compared to 12.4% population growth for
Washington County between 2000 and 2006 (Oregon Blue Book 2007). The rapid
growth is further illustrated in a comparison of the major land use categories within
the Rock Creek watershed for the 1992 and 2001 National Land Cover Datasets
developed by the USGS. In 1992 the percentage of urban and agricultural land use
was approximately the same at approximately 31% and 33% of the watershed area,
respectively. Forested land accounted for 28% of the watershed area. By 2001 there
was a significant change in the distribution ofland cover. The area of the watershed
devoted to agricultural use and forested land was reduced to approximately 13%
and 15%, respectively, while urban land use increased to approximately 60% of the
watershed area (USGS 1992, USGS 2006). Because the population is projected to
continue to increase for both Beaverton and Hillsboro, urban land cover will
continue to expand throughout the RCB.
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4.AVSWAT-XMODEL
4.1. Description of AVSWAT-X Model
The ArcView Soil Water Assessment Tool Extension (AVSWAT -X)
model, version 2005, was used in this study. SWAT is a continuous, physically
based, semi-distributed hydrology model first created by the U.S. Department of
Agriculture (USDA) and the Texas Experimental Station (TES) in the early 1990s
as a component of the larger model BASINS (Better Assessment Science
Integrating point and Non-point Sources) (Stone et al. 2001, Amold & Fohrer
2005). It was created primarily to (I) determine the affects of climate and
management on hydrology, (2) measure water quality, and (3) emphasize
continuous time simulation (Arnold & Fohrer 2005). SWAT was designed to
simulate long-term water yields and is not accurate for single-event analysis
(Neitsch et al. 2005). AVSWAT-X is similar to the previous SWAT models, but is
entirely contained in the ArcView 3.x graphical user interface. In this way,
watershed delineation, defining land and soil divisions, editing hydrological and
management input parameters, running, and calibrating the model is contained in
one GIS enviromnent. It also includes tools for automatic sensitivity analysis,
calibration, and uncertainty analysis (DiLuzio et al. 2005, Gassman et al. 2007).
SWAT's initial creation was to assess changing water supplies and determine nonpoint source pollution within large river basins. This information would assist
water resource managers in determining policy impacts on watersheds (Neitsch et
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al. 2005). The model design considers the affects of (1) climate and management,
· (2) continuous time simulations, and (3) water quality (Arnold & Fahrer 2005).
Because this study is primarily concerned with stream flow, the following model
description will focus on aspects of SWAT that are influential in stream flow
generation.
SWAT is considered a semi-distributed spatial model (El-Nasr eta!. 2005).
While some of its initial datasets are introduced in a grid f01mat, the watershed is
then first delineated into sub-basins and then further lumped as Hydrologic
Response Units (HRUs). HRUs are divisions within watershed sub-basins that are·
homogeneous with respect to land use, management, and soil attributes. They are
considered the total area within a sub-basin made up of one unique combination of
these attributes (Neitsch eta!. 2002). Within each sub-watershed, all SWAT
processes are aggregated at the HRU scale, and there are no interactions among
different HRUs within a sub-basin. Runoff is calculated for each HRU and then
added together to determine the total discharge from the sub-basin. Final discharge
from the main channel basin outlet is the accumulation of sub-basin discharges
routed tlu·ough the river system (El-Nasr eta!. 2005). This is calculated using two
variations on the kinematic wave approach, including either the variable-rate
storage method or the Muskingum method (Gassman eta!. 2007). In this way, the
model can account for greater differences in land cover and soil processes, thus
producing a greater representation of the water balance throughout the watershed
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than a lumped hydrology model, while reducing the large computational time
associated with a fully distributed model (Watts 1997, Neitsch et al. 2005).
The simulation of the watershed's hydrological cycle in SWAT is divided
into two categories: the land phase and the water or routing phase. The land phase
describes the movement of water, nutrients, pesticides, and sediments throughout
the sub-watersheds to their main channel. The water, or routing, phase characterizes
how water moves through the water channel system (Neitsch et al. 2005). The
construction of the SWAT model can be divided into several components: upland
components, stream processes, ponds and reservoirs, and water diversions. Upland
components include hydrology, weather, soil temperature, erosion and
sedimentation, plant growth, nutrients, pesticides, and land and water management.
Stream processes include channel sediment routing, channel flood routing and
nutrient and pesticide routing and transformation. Ponds and reservoirs components
include water balance, sediment settling, routing, and nutrient and pesticide
routines. Finally, the water diversions component can simulate withdrawals from
the system (Arnold & Fohrer 2005).
The use of the SWAT model in hydrological analysis is divided into three
general components. These include (1) preprocessing or generating topographic and
model input parameters at the sub-basin level, (2) input data editing and model
simulation and (3) post-processing the model results (Arnold & Fohrer 2005).
Because SWAT is a physically based model, data regarding watershed topography,
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soil characteristics, climate, land cover, and management are required inputs. Much
of this information is readily available in digital formats from local, regional, or
federal government agencies, thus reducing the time spent data gathering (Di Luzio
eta!. 2005, Neitsch eta!. 2005).
SWAT operates on a daily time step, requiring daily precipitation and
maximum and minimum temperature, solar radiation, wind speed, relative
humidity, and evaporation as inputs; These datasets can be added as observed data
or produced statistically within the weather generator tool. The WxGEN weather
generator tool developed by the U.S. Department of Agriculture is included in the
SWAT model and can be used to generate new climate data or simulate unavailable
climate data (Neitsch eta!. 2005). For precipitation distributions throughout the
basin, SWAT uses as the default the Markov chain-skewed distribution or the
Markov chain-exponential distribution (Neitsch eta!. 2005). Outputs from the
model can be in annual, monthly, daily, and hourly timescale (Govender & Everson
2005, Neitsch eta!. 2005). The SWAT model uses point estimates (gage stations)
to generate weather parameters and assumes spatial unifotmity of weather based on
these points. Although this does not account for the distributed nature of
precipitation, the use of several gage stations can help reduce this limitation
(Muleta eta!. 2007).
A soil water content water balance equation provides the basis for the
modeling processes in SWAT:
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t

STf~

= SWo +L (Rtay- Qsmf- E, -ll'seep ~. Q.w)
i=

(1)

1

where SW1 is the soil water content (final), SWo is the soil water content (initial) on
day i (rom H 20), Rlay is precipitation on day i (mm HzO), Q,urr is surface runoff on
day I (rom H 20), E, is evapotranspiration on day i (mm HzO), Wseep is percolation
or seepage from soil profile to vadose zone, and Qgw is return flow on day i (mm
HzO). Surface runoff, Qsurf, is calculated either using a modified SCS Curve

Number method (CN), moisture condition II or the Green and Ampt Equation. The
CN measurement is updated daily and fluctuates according to soil type, land use,
cover, and water content (Stone et al. 2001, Neitsch et al. 2005). Figure 3 shows the
procedure used by AVSWAT-X to model runoff.·
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Figure 4: Procedure used by AVSWAT -X to model runoff. Source: Neitsch
et a!. (2005).

Urbanized runoff from hydraulically connected impervious areas (e.g.
transportation) is determined separately from those impervious areas that are
hydraulically disconnected or pervious (e.g. residential,

low~density).

Using the

SCS CN method, directly connected impervious areas are always represented by a
98 value, modeled as regions of high runoff and minimal infiltration. For areas with
disconnected impervious surfaces, the CN is determined from a composite equation
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that employs fractions of the HRU that are either impervious (disconnected) or
pervious surfaces (Neitsch et al. 2005).
Potential evapotranspiration (PET) is computed in order to estimate the
combination of evaporation from soil and transpiration fi·om plants. According to
Thornthwaite (1948), potential evapotranspiration is "the rate at which
evapotranspiration would occur from a large area uniformly covered with growing
vegetation that has access to an unlimited supply of soil water that was not exposed
to advection or heat storage effect" (Neitsch et al. 2002, 121) There are three
methods available in SWAT for calculating PET: the Penman-Monteith method,
the Priestley-Taylor method, or the Hargraves method. The Perunan-Monteith
method of determining PET is considered the most accurate; however, in order to
obtain its highest accuracy, it requires hourly data, which is then summed to obtain
daily PET values. Other required data includes solar radiation, air temperature,
relative humidity, and wind speed. The Priestly-Taylor method is a simplified
version of the equation used in the Penman-Monteith method. It requires only mean
daily data for solar radiation,. air temperature, and relative humidity to provide
reliable daily PET estimates. Because it is the default method used in SWAT and is
used in this study, the method's equation is included:

(H;,.,- G)

(2)

8. + y
where A is the latent heat of vaporization (MJ kg" 1), Eo is the potential
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evapotranspiration (mm d- 1), Upet is a coefficient,/:;. is the slope of the saturation
vapor pressure-temperature curve, de/dT (kPa °C\ y is the psychrometric constant
(kPa °C 1), Hnet is the net radiation (MJ m-2 d- 1), and G is the heat flux density to the
ground (MJ m-2 d- 1). Finally, the Hargraves method was developed through eight
years of research at Davis, California and requires air temperature only (Neitsch et
al. 2002, Neitsch et al. 2005).
In nature, recharge of groundwater comes from the infiltration of
precipitation and can be influenced by surface permeability and topography.
Groundwater primarily flows into rivers and lakes, although some amount may
contribute to deeper aquifers. In order to model groundwater in the hydrological
system, SWAT calculates two aquifers for each sub-basin: the shallow aquifer and
the deep aquifer. The shallow aquifer is unconfined and designed to contribute flow
to the main channel and tributaries, based on a threshold water depth value. The
deep aquifer is confined and is considered to contribute flow outside of the system;
therefore, it is not included in water budget calculations (Neitsch et al. 2005).

4.2. Applications of SWAT in Previous Research
The SWAT model has been used in numerous studies concerning climate
change and/or land cover changes. Although the majority of studies have addressed
climate change, the few that have been used for determining the influence of
urbanization on water resources will be discussed here as well. This section will
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focus on studies within the previous five years.
Results from climate change impact assessments using SWAT are generally
regional in nature; however, there are some discemable trends. The majority of
studies project annual decreases in runoff for river basins in Greece 01 aranou et al.
2002), Germany (Eckhardt & Ulbrich 2003, Krysanova et al. 2007), Finland
(Bouraoui et al. 2004), and India (Gosain et al. 2006,). Increases in winter flooding
are anticipated for the Ali Efenti basin, Greece 01 aranou et al. 2002) and the Dill
basin, Germany (Eckhardt & Ulbrich 2003). However, annualrunofffor the
Mississippi River, USA (Jha et al. 2006) and Luohe River, China (Zhang et al.
2007) is projected to increase. In general, all of the studies anticipate large seasonal
and monthly variations in projected runoff. Table 4 summarizes research papers
within the previous five years that assess the affect of climate change on stream
flow.
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1,66887,180
km2
Approx.
491,700
km2

18 major
basins, USA

12 major
basins, India

Thomson et al.
(2005)

Gosain et al.
(2006)

1,682 km"

HadRM2

HadCM2, ECHAM,
CSIRO,CGCM
ACACIA Project, 5
GCMs
N/A; historical trend
analysis (MannKendall)
!2GCMs

GCM

1981-2000,
2041-2060

1960-1989,

1961-1990,
2020,2050,2080
1961-1990,
2070-2099
1965-1998

Study Period

peak flow decreased by 21%
Yield for portions of Midwest & SW shifted over
+1-50% from present; increase in inter-annual
variability in drier areas, decrease in wetter areas
Overal~ surface runoff decreased; flood & drought
severity increased

variations; 22% increase in winter runoff; April

For all GCMs, stream flow decreased; magnitude
of floods increased for certain return periods
Decline in spring snowmelt peak; increased winter
flooding
Decreased annual flow by 3.3%; large seasonal

Results

00

· -

Jha et a!. (2006)

Upper
Mississippi
River, USA

CSIRO-RegCM2,
CCC,CCSR,
CSIRO-Mk2, GFDL,
HadCM3
ECHAM4-0PCY3

1968-!997,
2061-2090

5 GCMs projected average annual yield shifts
ranged from -6% to 38% for upper Mississippi R.
relative to baseline; RCM projected 51% increase
in yield relative to baseline
Projected ET decrease by average of 4%;
Approx.lO
1960-1990;
Krysanova et al.
ElbeRiver,
2046-2055
decreasing trend (average -3 7%) in runoff and
(2007)
Germany
0,000 km2
groundwater recharae
Luohe River
5,239 km" HadCM2, CGCM2
1992-2000,
Average annual stream flow increased - I 0% by
Zhang eta!.
(2007) .
2020,2050
2050; seasonal & monthly average stream flow
basin, China
changed +/-20%
ECHAM4-0PCY3 ~European Community Hamburg Model, Max Planck Institute for Meteorology;
CSIRO-RegCM2 ~ Australian Commonwealth Scientific and Industrial Research Organization;
CSIRO-Mk2 =Australian Commonwealth Scientific and Industrial Research Organization;
CGCM = Canadian Centre for Climate Modeling and Analysis, Canada; CCSR =Japanese Centre for Climate Systems Research;
HadCM2 =UK Hadley Centre for Climate Prediction and Research; CCC = Canadian Centre for Climate Modeling and Analysis, Canada
GFDL = US Geophysical Fluid Dynamics Laboratory; HadCM3 =UK Hadley Centre for Climate Prediction and Research;
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Varied

Ali Efenti
Basin, Greece
Dill basin,
Germany
Vantaanjoki
basin, Finland

Varanou et a!.
(2002)
Eckhardt&
Ulbrich (2003)
Bouraoui et al.
(2004)
693 km"

Study Area

Author(s)

Basin
Size
2,796km"

Table 4: Previous studies using the SWAT model to investigate the affects of climate change on watershed runoff.

Only two studies were found that used the SWAT model in detennining the
influence of urbanization on runoff. Using land cover scenarios representing a
change in total watershed urbanization from 6% in 2000 to 70% in 2020, Kalin and
Hantush (2006) investigated the affects on both groundwater and surface flow.
They found that, although groundwater contributions to surface flow would be
reduced, actual surface flow would be basically unaffected. Lee and Chung (2007)
investigated how increased urbanization would influence mnoff in a small,
mountainous watershed in the Gyeonggi Province, South Korea during the dry
weather season (8-months). They determined that urban land cover had a relatively
minor influence on runoff over the 30-year study period. Table 5 summarizes
research papers that assess the influence of urbanization on stream flow.

Table 5: Previous studies using the SWAT model to investigate the affects of
urbanization on watershed runoff.
Author(s)

Study Area

Kalin and
Hantush
(2006)

Pocono Creek,
Pennsylvania,
USA

Lee and
Chung
(2007)

Province,

Gyeonggi
South Korea

Basin
Size
120 km"

Study
Period
2002-2004,
2005-2024

13.42 km<

1975-2004

Results
Urban land cover increase from
6% (2000) to 70% (2020) results in
30% decline in groundwater
contribution to surface flow, 1.1%
decrease in surface flow
Increased urbanization (+14%)
reduced runoff by 3.6% over the
30-year period
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5. DATA AND METHODS

5.1. Software
The hydrological modeling software used in this study was the
2005ArcView Soil Water Assessment Tool Extension (AVSWAT-X) (AVSWATX 2006). This is the latest stand-alone version of the SWAT model, and was
acquired along with its user's manuals (De Luzio eta!. 2002, Neitsch eta!. 2002),
theoretical documentation (Neitsch eta!. 2005), and input/output documentation
(Neitsch eta!. 2004) from the SWAT website (AVSWAT-X 2006). Software used
in conjunction with or in addition to AVSWAT-X in order to complete this study
included ESRI's ArcView 3.3 (ESRI 2002) and ArcGIS 9.2 (ESRI 2005).

5.2. Data Summary
The data used for the initial model development included a 10-meter Digital
Elevation Model, STA TSGO soils coverage, daily weather data, landuse/land cover
datasets, a basin shapefile, and river gage station data. Table 6 summarizes all
datasets used in this study and includes source information.
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Table 6: Datasets included in the Rock Creek hydrological model.
Datasets
Digital Elevation
Model(DEM)
Upland
Soil Layer (OR)
Watershed boundary
NLCD,200l
Land Cover
Projections, 2040
· Beaverton, historic
climate
Forest Grove,
historic climate
Climate
POX Airport, historic
climate
Climate Change
scenario, 2040
NHDPlus flowlines
Rock Creek, stream
Sh·eam
flow
Fanno Creek, sb·eam
flow

Format
Raster

Resolution
10 meter

Source
USGS (2004)

Shapefile
Shapefile
Raster
Raster
.dbf

N/A
N/A
30 meter
30 meter
N/A

NRCS (2001)
OGDC (2005)
USGS (2006)
PNW-ERC (2002)
ocs (2007)

.dbf

N/A

ocs (2007)

.dbf

N/A

ocs (2007)
Salathe Jr. (2007)

Shapefile
.dbf

N/A
N/A

_QIHDPlus 2007)
OWRD (2007)

.dbf

N/A

OWRD(2007)

5.3. Land Cover Datasets

5.3.1. Curre11t La11d Cover
For representing the current land cover characteristics in the RCB, this
research used the National Land Cover Database (NLCD) dataset for 2001,
developed by the U.S. Geological Survey (U.S. Geological Survey 2006). The
NLCD 2001 is a 30-meter resolution raster dataset that uses a modified version of
the Anderson Level II classification system. It was derived from imagery from the
Landsat satellite system and processed according to guidelines detailed in Homer et
al. (2004). The 2001 land cover dataset will be refened to hereafter as the
"baseline" scenario.
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5.3.2. Projected La11d Cover for 2040
For representing possible future land cover changes in the RCB, this
research used three land cover datasets developed by the Pacific Northwest
Ecosystem Research Consortium (PNW-ERC 2002). The PNW-ERC is an
organization created to conduct research in western Oregon and Washington on the
development of community-based decision making. These datasets each represent a
different future scenario, based on projected population growth patterns and
potential development characteristics throughout the Willamette River basin for
each decade between 1990 and 2050. They were constructed with the help of ·
planners, scientists, and community stakeholders within the basin and are defined
by five principal processes: urbanization, rural development, agriculture, forestry,
and surface water withdrawals (Hulse eta!. 2002).
In addition to community suppmi, each of the three future land cover
datasets used a 1990 land cover for the. Willamette River basin as the baseline. The
1990 land cover representation was developed from Landsat Thematic Mapper
(TM) scenes from 1990 and augmented by other information, such as crop statistics
and U.S. Census. Population increases by 2050 are estimated to be 3.9 million,
double the amount in 1990, and are assumed to be the same for eachscenario. A
detailed description of the development of these datasets is found in Baker et a!.
(2004) and Hulse eta!. (2002). The three PNW-ERC scenarios used in this study
are the Conservation, Development, and Plan Trend scenarios, which will be

42

referred to hereafter as the "Compact,""Sprawl," and "Planned" scenarios,
respectively. Further infotmation on the scenario characteristics can be found in
Table 7. Table 8 summarizes the land cover types for the baseline and PNW-ERC
scenarios as they are found in the RCB.

Table 7: Description of the t!U'ee land cover scenarios used in this study to simulate
land cover projections within the Rock Creek watershed by 2040 (Source: Hulse et
a!. 2002).
Scenarios
General

Urban Development

Compact
High priority on
ecosystem protection
& restoration

Planned
Recent trends

Emphasizes highdensity development,
UGBs similar to Plan
Trend

Growth contained
within UGBs & rural

Agriculture

Conversion of some

Forest

cropland to natural
vegetation
Gradual decrease in

clear-cut areas,
riparian zones on all

continue, existing land
use plans are
implemented

zones, small
expansion ofUGBs
Minimal change in
agricultural land use
Older conifer forests
mainly confined to
federally-owned lands

Sprawl
Relaxed land use
policies, marketdriven approach to
land development &
use
Emphasizes lowerdensity development,
greater expansion of
UGBs
Majority of
development occurs
on Agricultural land
Increased clearcutting & less stream
protection

streams
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.j:>.

..,.

Wetlands
Water

Barren

Urban
Forest
Ae:ricultural
Open S]!aces
Grassland
Shrubland

Land Categories
Baseline
Area (ba)
Percent
11,446
59.5
2,953
15.3
2,484
12.9
1,384
7.2
531
2.7
0.8
161
0.2
29
1.2
2263
0.1
15

Land Cover Datasets
Planned
Com act
Area (ba)
Area (ba)
Percent
Percent
12,665
65.8
12,370
64.3
14.1
2,944
15.3
2,706
1,972
2,281
11.9
10.3
752
753
3.9
3.9
14
0.1
199
1.0
4.2
973
5.1
806
0.1
0.0
0.2
0.0
15
0.1
0.0
0.0
9
0.1
10
0.1
Sprawl
Area (ha)
Percent
13,107
68.1
12.7
2,440
1,829
9.5
4.7
901
22
0.1
4.8
926
0.0
0.2
0.0
0.0
10
0.1
-

~

Table 8: The percent and total area of each land category in the Rock Creek watershed for the NLCD 2001 and PNW-ERC
projections land cover datasets.

The PNW-ERC land use datasets contained a larger amount ofland
categories than the NLCD 200lland cover dataset. Therefore, the PNW-ERC
categories were classified in AVSWAT-X to as Closely as possible resemble those
of the NLCD 2001 dataset. In this way, the land categories for all four datasets
would be modeled similarly and could be more accurately compared. Table A. I in
the Appendix shows the original PNERC land cover types, and how they were
reclassified into the SWAT classification system.

5.4. Climate Datasets

5.4.1. Historical Climate Data
Daily precipitation and minimum and maximum temperature data were
downloaded from the OCS website for the monitoring stations in Hillsboro
(#353908), Beaverton (#350595), and Forest Grove (#352997), and at the PDX
Airport (#356751) (see Table 9).

Table 9: Tualatin River basin climate gage stations (Source: Oregon Climate
Service).
Station
ocs, 352997
ocs, 350595
ocs, 356751
ocs, 353908

Locatio·n
Forest Grove
Beaverton
POX Airport
Hillsboro

Latitude
45'32'
45° 27'
45° 36'
45° 31,

Longitude
123° 06'
122° 49'
122' 36'
122' 59'

Elevation (m)
180
270
20
160

Time Series
1928-2005
1972-2005
1941-2007
1948-2003

The Beaverton monitoring station was initially chosen as the most viable
representation of the Rock Creek climate because it was the closest station to the
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basin and contained the most complete record for the calibration and validation
· periods. There were no monitoring stations located within the RCB. Later, the
Forest Grove monitoring station data was added to attempt to improve the
representation of the regional climate, but without influencing the modeled runoff
results. As is common with monitoring stations, there were occasional gaps of
missing climate data throughout the time series. Data from the PDX Airport and
Hillsboro monitoring stations were used to fill in these gaps, as needed.
Different methods were used for filling in gaps of missing climate data from
the Beavetion monitoring station's time series. For the precipitation data time
series, missing data were estimated based on their correlation to known
precipitation values of the same day from the monitoring station in closest
proximity. If the closest station had missing data from the same time period, then
data from the next nearest station would be used. Because of the distance between
the PDX Airport station and the Rock Creek watershed, it was decided to divide the
data fi·om the airpott station into "dry season" and "wet season" to better estimate
the differences in seasonal precipitation. These methods of approximating missing
data were impotiant to maintain spatial consistency in climate characteristics.
A similar regression method was also used for e'stimating missing
maximum and/or minimum temperature values, but with a different approach fi'Om
that of precipitation. For approximating a station's missing values over a number of
days a particular month, a regression model for the closest station was created
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.based on the previous three years and following three years of the same month, if
possible. This regression equation was then used to fill in the missing station's
values as they related to the values of the closest station for that time period. For
example, missing temperature data in January 2003 for the Beavetion station was
filled by correlating it with the January temperature data between 2000 and 2005
from the PDX Airpott station. In this way, the temperature trend of that region was
a component of the missing value approximation.

5.4.2. Future Climate Scenarios
Simulated temperature and precipitation values for 2040 were developed
from climate change data downscaled to the RCB region, acquired from the
Climate Impacts Group (CIG) at the University of Washington (Salathe 2007).
These data were developed from the ECHAM5 general circulation model (GCM),
the fifth generation ofECHAM models developed by the Max Plank Institute fur
Meteorology. This climate model simulated future climate using the AlB emissions
scenario, which characterizes a balanced use of fossil fuels in the future. It was
included in a group of models employed in the recent IPCC Fourth Assessment
Report. Results from the ECHAM5 model were downscaled to a 1/8-degree (15
km) resolution grid using statistical downscaling methods described in detail in

Salathe eta!. (2007). Investigations by Salathe (2005) and Salathe eta!. (2007)
revealed that the downscaled climate results from ECHAM5 were able to
accurately reproduce temperature and precipitation trends for the 20th Century
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(1970- 1999) and thus be suited to project realistic future climate changes. for the
region. As the study found that the different emission scenarios used described
similar warming trends to 2050, it was determined that the use ofECHAM5 model
driven by the AlB emissions scenario would give a mid-respol)seresult and wellrepresent the future climate of the Pacific Northwest (Salathe eta!. 2007).
The climate change dataset included modeled daily precipitation and
minimum and maximum temperature for two time periods: (1) the years 19701999, used as a baseline and (2.) the years 2030- 2059, used to represent average
climate for 2040. These datasets correspond with the downscaled grids containing
the Beavetton monitoring station. In this way, the climate signal would best
represent the mica-climate of the Rock Creek region. In order to prepare the data
for use in the AVSWAT-X hydrological model, first, the mean monthly changes in
temperature (additive factor) and precipitation(% change) were calculated between
the modeled 20th Centmy dataset and modeled future dataset (see Table 10). This
difference was then applied to daily values of observed climate data over the
closest available 30-year time period (1973 - 2002) for the corresponding months.
For example, the average change in January temperature between the modeled 20th
Century and modeled future scenario datasets was applied to each month of
January for the observed daily temperature data. The resulting climate datasets
would represent observed daily temperature and precipitation for the Beaverton
monitoring station with an included mean monthly climate change signal.
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Table 10: Changes in climate for the RCB, according to the ECHAM5 model
output.
Temperature
Month
January
Feb mary
March
April
May
June
July
August
September
October
November
December
Season
Winter
Spring
Summer
Fall
Annual

Precipitation

Add Factor (oC)
2.13
0.98
0.50
0.84
0.44
2.17
1.27
1.28
0.64
1.23
1.21
1.34

Multiplier
1.24
0.80
1.13
1.08
1.14
0.64
1.05
1.34
1.36
0.99
0.97
1.01

1.48
0.59
. 1.57

1.02
1.12
1.01
1.11
1.06

1.03
1.17

5.5. Runoff Data Sets
Observed daily stream flow data for 2001 -2005 came from the Rock
Creek gage station (#14206450) at Highway 8, the furthest downstream station on
Rock Creek. The data was retrieved from the Washington County District-IS
Watermaster website (Oregon W~ter Resources Department 2007) and formatted as
required by the AVSWAT -X model. Gaps of missing flow data were estimated
using the correlation between Rock Creek flow values and those measured at the
Fanno Creek gage station (#14206950) at Durham Road, near Tigard, OR. Fanno
Creek was chosen because of its proximity to Rock Creek, which would make it
49

most likely to experience comparable daily climate and its near-complete dataset.
But just as importantly, it is also a highly urbanized sub-basin of the Tualatin
Watershed. Because flow data for the Rock Creek gage station at Highway 8 was
generally complete only for 2001 through 2005, this turned out to be the restricting
factor in how many years could be used in the calibration and validation ofthe
model.

5.6. AVSWAT-X Model Set Up
In order to be able to proceed with any analysis, all of the shapefiles and
raster datasets were projected in North American Datum 1983, Universal
Transverse Mercator, Zone 10. Datasets were also convetted into metric units,
where applicable, as this is a requirement of SWAT model inputs. After all of the
appropriate datasets were projected, it was necessary to prepare the data for use in
the modeling process. First, a shapefile of the Rock Creek watershed boundary was
created in ArcGIS 9.2 for use in clipping desired areas. Next, the 10-meter DEM,
.

)

NHDPlus flowlines, and the NLCD 200lland use/land cover datasets were brought
into ArcGIS 9.2 and clipped using the Rock Creek watershed boundary.
The general steps to developing the AVSWAT hydrology model, in order of
completion, include (1) automated delineation of watersheds, (2) land use and soils
definitions, (3) HRU definition, (4) definition of weather stations, (5) building
initial watershed values, (6) model run, (7) read and map chart results, and (8)
calibration and validation (Di Luzio et al. 2005, Neitsch et al. 2002.).
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5.6.1. Automated Delineation oftlte RCB
Because of the unique formatting requirements for spatial datasets used in
watershed processing, it was much easier to automatically delineate sub-watersheds
from the !Om DEM clipped to the Rock Creek watershed than to introduce premade sub-watershed datasets. The DEM was processed and the sub-watersheds
delineated using the model Automated Watershed Delineation tool. Because the
watershed was delineated within AVSWAT, the watershed cell size is
automatically matched to the DEM resolution. The Rock Creek watershed
boundary shapefile was used as a mask in order to "focus" the watershed area
within the DEMand reduce GIS processing time. Next, the shapefile of the main
stem and tributary flowlines from the NHDPlus dataset was clipped to the
watershed and used to "burn" the streams into the DEM. This would more
accurately produce the sub-watershed boundaries and stream lines to be used in the
model. The detail of the stream network and the size and number of sub-watersheds
was also detetmined by setting the threshold area in the sh·eam definition section of
the Automated Watershed Delineation tool. In this study 33 sub-watersheds were
created using a 300 ha minimum threshold area (default). All of the generated
outlets were included in the final dataset. The Automated Watershed Delineation
tool is able to define reservoir locations along the stream network. As there are no
reservoirs are located in the Rock Creek watershed, this was unnecessary.
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5.6.2. Land Use and Soil Definitions.

In order to determine the land cover and soil distributions and combinations
found within each sub-watershed, the Land Use and Soil Definition tool was used.
This tool wilJ define a land cover and soil value for each grid within the watershed.
First, the land cover raster of the NLCD 200 I Land Cover dataset (clipped to the
RCB) was introduced and then the land cover/plant/mban codes were manually
reclassified using the categories included in AVSWAT. This produces a new layer
called SwatLanduse Class. Table A.2 in the Appendix shows the SWAT categories
with their cotTesponding USGS land cover codes. Next, the STATSGO soils layer
was introduced and reclassified using the Land Use and Soil Definition tool.
Although soil codes can be assigned manually, a lookup table was created using the
'stmuid' value, which specifies the state STATSGO polygon number and dominant
soil phase. Table 11 summarizes the soil types and percent of watershed, as defined
by the SWAT model. After the soils lookup table was input into the tool, the soils
layer was reclassified using the 'stmuid' reclassification option. This produces a
layer called SoilClass. Once the land cover and soil layers were loaded and
reclassified, they were then overlaid and the land use and soil definitions process is
completed.
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Table 11: The STATSGO soil layer Oregon soil codes and the corresponding
'stmuid' assigned by SWAT for the initial model run.
Soil Codes
OROSI
OR082
OR090
OR096
OR098

Stmuid Code
41096
41098
41081
41090
41082

Soil Name
Bashaw
Dayton
Woodburn
Goble
Cascade

Percent Area
0.34
46.70
2.08
9.67
42.91

5. 6.3. HR U Definition
The land cover and soil layers were processed as described above for the
purpose of defining the number of hydrologic response units (HRUs) within the
RCB. SWAT allows the user to create an HRU that encompasses the entire subbasin, based on the dominant land cover/soil combination, or multiple HRUs within
each sub-basin. This study defined multiple HRUs for each sub-basin in order to
more accurately capture inter-basin variation (Manguerra and Engle 1998). In this
method, a threshold level is set for the amounts of land cover and soil types within
each sub-basin to determine the dominant land/soil combinations. This eliminates
minor land use/soil combinations in each sub-basin so that only dominant land/soil
combinations are modeled. The number ofHRUs included in each sub-basin is
defined by how many land/soil combinations fall above the established tlu·eshold.
Multiple HRUs were assigned to each sub-watershed based on the following
sensitivities: Land Use at 10 percent, soils at 5 percent. This resulted in 161 HRUs
defined within the RCB. Table A.3 in the Appendix summarizes the HRU
distribution as defined by the modeling tool.
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5.6.4. Defining Weather Stations

The next step is to establish the weather databases that will generate the
climate data used in the modeling process. Although it is feasible to generate
climate records only using the Weather Simulator included in the model, weather
stations located in close proximity to Rock Creek were considered in order to more
accurately represent the local climate. Therefore, rainfall and temperature data from
the Beaverton monitoring station was used.
Climate inputs to the model are defined using the Weather Simulation Tool
included in the SWAT model. This is done within the Weather Data Definitions
dialog, found in the Input dropdown menu. In addition to observed temperature and
precipitation data, weather simulation data were derived from the US database,
which is imbedded within the SWAT model and includes a dataset of weather
information from a set of 1,041 weather stations located throughout the United
States. Data for solar radiation, wind speed, and relative humidity were all
simulated based on the introduced climate data.
5.6.5. Building Initial Watershed Values

This is the first step in lUnning the SWAT model. Once the HRUs have
been created, the initial watershed input databases must be defined. The input
databases are defined based on the watershed delineation and land cover and soil
characterizations. There are two methods of building the initial watershed values:
(1) use the Write All selection to write them all at once or (2) to individually write
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each input file. Regardless ofthe method used, the files must be written in the
sequence they are presented by the model. Because it was not necessary to adjust
any of the individual input files before the initial model run, the Write All selection
was chosen. The default value for the Manning's "n" for all the tributary channels
(0.014) was chosen for both the sub-basin general input database (.sub) and the
main channel input database (.rte). In the management input database (.mgt), plant
growth heat units were estimated for each land cover using local climatic data
stored in the intemal weather generator database.

5.7. Initial AVSWAT-X Model Run
Because the initial AVSWAT-X model run would be the basis for the
calibration of the model, the period of simulation was set to January 1, 200 I
through December 31, 2003. After the printout frequency was changed to monthly
outputs, no additional changes were made on the model simulation interface.
Rainfall distribution method was kept in the default position (skewed normal) and
no edits were made to the Basin Input File or the General Water Quality Input File.
The Setup SWAT Rtm procedure was successful and the simulation finished
successfully.

5.8 Model Calibration and Validation
The purpose of calibrating and validating a hydrological model is to
improve the accuracy of the initial modelmnoff estimates when compared to the
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observed runoff data. This is accomplished by adjusting selected parameter values
until the resulting model output data resembles the observed data as closely as
possible (Watts 1997). Because the RCB is subdivided into multiple, explicitly
parameterized HRUs, there are a large number ofparameters that must be taken
into account. Traditionally, model calibration is accomplished by adjusting model
parameters manually, using a 'trial-and-error' approach. The accuracy of manually
calibrating a hydrology model typically depends upon the modeler's experience
and knowledge of the specific model. As a result, it is inherently a subjective
process and can take a large amount of time to complete. Although manual
calibration provides the user the opportunity to improve his or her understanding of
the model, in many instances it is not vety repeatable (Watts 1997, Eckhardt &
Arnold 2001, Eckhardt eta!. 2005, Muleta & Nicklow 2005). The 2005 version of
AVSWAT-X introduced tools that automated the calibration process by
determining an optimal set of parameters and to what extent they should be
adjusted. This can eliminate or at lease reduce some of these limitations of manual
calibration.

5.8.1. Automated Sensitivity Analysis
The first step in the calibration process determined which model parameters
were the most influential in matching the modeled estimation of tunoff to the
observed runoff. To help accomplish this goal, AVSWAT -X provides the
Automated Sensitivity Analysis tool. This tool uses a method called the LH-OAT
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sensitivity analysis, which combines a Latin-Hypercube Simulation (LH) with a
One-factor-at-a-time (OAT) sensitivity method. First, the sensitivity tool utilizes
·the LH simulation to perform a random sampling of parameters and ensures that the
full range of parameters is included in the analysis. Next, the OAT method
integrates local and global sensitivity analysis on all parameters, progressively
removing ones less-influential to affecting model output from the analysis. In this
way, the parameters most influential to affecting model output are isolated. By
using a combination of these two methods, the sensitivity analysis is considered
both robust and efficient (van Griensven). The input for the tool includes a .dbf
formatted dataset of observed daily runoff that covers the necessary years used in
the calibration. Table A.4 in the Appendix shows the 27 different parameters
considered in the output of the automated sensitivity analysis tool, a brief
description of each one, and their relative ranking in importance.

5.8.2. Basejlow Estimation
Estimating the base flow under the stream hydrograph is one important
aspect of accurately modeling surface runoff. This has been shown to significantly
improve model output and is a suggested step in adjusting the AVSWAT model
(Neitsch 2002, SWAT 2007} To determine the average annual ratio of base flow to
stream flow for Rock Creek, a base flow filter program was downloaded from the
SWAT website (SWAT 2007) and run using the observed runoff dataset over the
calibration period. The alpha factor value (0.136) was input as the minimum value

for the ALPHA_BF model parameter. More information about the base flow filter
program and methodology can be found in Arnold et al. (1995) and Arnold & Allen
(1999).

5.8.3. Model Calibration Methods
Progress in the calibration of AVSWAT used in the current study involved
changing a small number of parameters at a time and comparing the estimated flow
outputs before and after the parameter adjustments. The A VSWAT-X Automatic
Sensitivity tool results and a review of selected literature were used in order to
establish which model parameters were the most influential on stream flow and
provide general adjustment guidelines. Determining the correct adjustments to
model parameters was done both manually and through the use of the Automated
Calibration tool results.
The automated calibration method provided in AVSWAT-X, version 2005
attempts to optimize the model parameter values within each HRU so that the
·modeled runoff as closely as possible estimates the observed runoff. This results in
an output of 'ideal' changes to parameter values, which then must be manually
adjusted in the model. There are three ways that parameters can be modified: (1) by
value replacement, (2) by addition of absolute change, or (3) by multiplication of a
relative change. Although calibration in AVSWAT-X allows parameters to be
modified for selected sub-basins or HRUs, parameters were adjusted over the entire
Rock Creek watershed in this study. This was because of an inadequate amount of
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data and knowledge necessary to justify adjusting individual HRUs within each
sub-watershed.
The method of automatic calibration used in AVSWAT-X utilizes a
modified version of the Shuffled Complex Evolution algorithm (SCE-UA),
developed by Duan et al. (1992). This is a global search algorithm that has been
designed to take into account constraints and interdependencies of model
parameters and can calculate the extent to which model parameter values need to be
adjusted to reach optimization (Eckhardt et al. 2005, van Griensven Draft). In this
way, adjustments can never exceed the ptedefined parameter ranges, thus
maintaining the integrity of parameter characteristics. Although a detailed
description ofthe.SCE-UA is beyond the scope of this study, further information
and applications can be found in Duan et al. (1992), Eckhardt & Amold (2001),
Eckhardt et al. (2002), Eckhardt et al. (2005), and van Griensven (Draft).
The automatic calibration results included new values for the Curve
Number and ALPHA_BF parameters for each HRU. The ESCO parameter had
been changed manually during the automatic calibration process. However,
calibrated values were not available for Sol- A WC, Ch- K2, and Sol- z, and
therefore were manually adjusted within the model using guidelines stated in
selected literature (see Table 12). The years 2001 through 2003 were included in
the manual calibration, with the year 2000 included to "warm-up" the model.
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Table 12: SWAT model parameters adjusted during the calibration process.
Parameter
CN2

ESCO+

SOL_AWC+

ALPHA_BF
+

Sol_z"'

CH K2+

Definition
Curve Number for
Moisture condition
II
Soil Evaporation
Compensation
Factor
Soil Available
Water Capacity
(mm)
Baseflow Alpha
Factor (days)
Depth from soil
surface to bottom
of layer (m)
Channel hydraulic
conductivity

Guidelines

Changes

Initial
Estimates
70.0-92.42

Calibrated
Values
S2.5 -70.2

+/- 2S%*

• 2S% to all
values

0.00" 1.00

-.8S to initial
value

0.9S

0.10

0.00- 1.00*

+ 0.20 to all
values

Varies with
soil type

Varies with
soil type

0.00- 1.00*

O.IS6 for all
values
+ 30 to all
values

0,048

0.156

Varies with
soil type

Varies with
soil type

ISO for all
values

0.00

ISO

0-30*

0- ISO*

*SWAT auto-cahbratwn tool default settmg
®Sensitivity analysis provided reference
"'Neitsch eta!. (2002) and Benaman eta!. (2005) provided references

5.8.4. Model Validation Methods
Traditionally, once the calibration process is completed, the calibrated
model is tested using a different time-series from the original runoff monitoring
stations as input data. This establishes if the model can now accurately estimate
output for periods other than those for which it was adjusted (Benaman, et al. 2005,
Lin and Radcliffe 2006). In order to validate the Rock Creek model, the years 2004
through 2005 were included in the manual calibration, with the year 2003 included
to "warm-up" the model.
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5. 8. 5. Statistical Measures ofModel Accuracy
This study employed two methods to statistically test the accuracy of the
calibrated runoff output. The most popular statistical measures used for model
calibration and validation are the regression coefficient of detetmination (R2) and
the Nash-Sutcliffe model efficiency (NSE) coefficient (E) (Gassman et al. 2007).
For this reason, both methods were included in this study. Although the use of
correlation statistics has been questioned as to their appropriateness in evaluating
the goodness-to-fit of model simulations, it has had widespread use in past studies
(Lagates and McCabe Jr. 1999, Eckhardt and Arnold 2001, Gassman et al. 2007).
The R2 value is a measure of how well the regression line representing the modeled
versus the observed mnoff comes close to a perfect match. It is measured on a scale
of between 0 (no correlation) and 1 (observed equals modeled) (Gassman et al.
2007). Legates and McCabe (1999) determined that the Nash-Sutcliffe (E) model is
one of the more accurate goodness-to-fit measures available. TheE value is a
measure of how well the modeled versus observed runoff line matches a regression
line with a slope equaled to 1. It is measured on a scale of -oo to 1, where a value
less than zero indicates the mean of the observed is a better predictor when
compared to the modeled output and a value of 1 means a perfect fit (Gassman et
al. 2007). At this time, there is no agreed upon standard for assessing model
accuracy using these statistical tools (Santhi et al. 2001).
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5.9. Modeling Changes in Land Cover and Climate for 2040
In order to determine the affect of climate change and land cover change on
the runoff from the RCB, eight different model scenarios were created. For
representing the contemporary condition in land cover and climate, a model was
created that used the NLCD200 1 dataset combined with the daily temperature and
precipitation data from 1973 to 2002. This model was used as a baseline for the
purposes of comparing contemporary runoff with that of the land cover and climate
change models. Next, three models were created that would isolate the influences
that increases in urbanization and either no change or decreases in agricultural and
forested land would have on runoff in the RCB. These models used one of the three
PNW-ERC land cover change scenarios for 2040 combined with the contemporary
daily temperature and precipitation data. For determining the affect of climate
change on the nmoff of contemporary land cover conditions, one model was then
created using the Baseline land cover dataset combined with the climate change
scenario dataset for 2030 to 2059. The runoff result fi·om this model will be able to
isolate the influence of climate changes on current land cover but also acted as a
baseline to compare results from the combined affect of the climate change and
land cover scenarios. Finally, three models were created that included the climate
change scenario dataset for 2030 to 2059 combined with one of the three PNWERC land cover change scenarios for 2040. Parameter adjustments derived from
the calibration/validation process (section 6.8.3) were introduced to each ofthe
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models. The runoff results from this model set would describe how the different
combination of land cover and climate changes could possibly amplify or
increasingly alter future runoff changes.

5.1 0. Methods for Evaluating Changes in RCB Runoff
The primary method used in this study for determining the affect of land
cover and climate changes on the runoff of the RCB was to analyze mean runoff
depths from Rock Creek at the monthly, seasonal, and annual scales. Mean runoff
depth is the water depth covering the study basin if all of the mean runoff produced
during the specific time period were distributed evenly over the basin area. It has
been used as an indicator of change in numerous land cover and climate impact
studies, including Grove eta!. (2001), C!u·istensen eta!. (2005), Tang eta!. (2005),
Olivia and Defee (2007), and Thodsen (2007). In an attempt to establish possible
reasons for any runoff modifications, this study also analyzed the
evapotranspiration (ET) volumes modeled by each scenario. Changes in ET rates
can affect the amount of precipitation contributing to runoff, patticular!y between
the warmer months of May and September, by reducing soil moisture retention, for
example.
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6,RESULTS
6.1. Model Calibration and Validation Results
The statistical test results from the initial model run show that, prior to
calibration, A VSWAT-X provides a mixed representation of mean monthly flow
fi.·om Rock Creek between 2001 and 2003, when compared to observed flow (Table
13).

Table 13: Results of the calibration based on mean monthly runoff between
2001and 2005.

Model efficiency (E)*
Coefficient of
Determination (R2)
~Nash

Observed
-0.871

Calibration (01-03)
0.89

0.79

0.90

Validation (04-05)
0.60
0.66

and Sutchffe (1970)

While the R 2 value shows a reasonable correlation between the modeled and
observed flow, the Nash-Sutcliffe results indicate an unsuitable measure of model
efficiency. Futther examination reveals that the modeled flow produces
exaggerated winter peaks, particularly for November and December, while slightly
overestimating spring runoff (Figure 4) ..
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Figure 5: Comparison of flow modeled by the initial AVSWAT-X run and
observed flow for 2001 -2003 at the Rock Creek stream flow monitoring
station, Highway 8.

Runoff results from the calibrated model show a large improvement in both
statistical test results, indicating higher model performance. Likewise, modeled
runoff more closely resembles that of the observed flow; however, winter peaks are
now slightly underestimated and spring flow remains higher than observed (Figure
5).
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Figure 6: Comparison of calibrated flow and observed flow for 20012003 at the Rock Creek stream flow monitoring station, Highway 8.
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An examination ofthe validation results for 2004- 2005 shows that the
winter peak of runoff is generally overestimated by the calibrated flow when
compared to observed flow (Figure 6). Statistical test results also indicate that the
model is less efficient at reproducing mean monthly mnoff from time periods other
than those of the calibration period. Both the Nash-Sutcliffe and R2 values signify
a reasonable reproduction of observed flow. However, 2004 and 2005 experienced
unusually low precipitation during the winter, which may have affected the
validation results.
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Figure 7:. Comparison of validated flow and observed flow at the Rock
Creek stream flow monitoring station, Highway 8.

6.2. Modeled Changes to Climate for 2030 - 2059

Results from the AVSWAT-X model indicate that, under the downscaling
results of the ECHAM5 general circulation model run, the mean annual volume of
precipitation falling over the Rock Creek watershed will change from 97.2 em
between 1973 and 2002 to 99.1 em between 2030 and 2059, a 2.0% increase.
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However, there is considerable variation in precipitation at the monthly and
seasonal scale. With the exception of the summer months, all of the seasons will
experience an increase in precipitation (Figure 7).

1.5.---------------------------------------·------------,

Winter

Fall

Spring

-0.5 .[____________

Seasons

Figure 8: Simulated absolute changes in seasonal precipitation between the
baseline climate (1973 - 2002) and the climate change scenario (2030 2059).

Spring will experience the most significant increase, as March, April, and May all
saw positive results. This internal seasonal similarity was the exception, because
there were both increases and decreases in precipitation changes within winter,
summer, and fall months. Absolute change in mean precipitation from the baseline
is the most variable in the winter months (Figure 8), containing the month with t,he
largest increase (January,+ 11.5%) and decrease (February, -10.5%).
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Figure 9: Simulated absolute changes in monthly precipitation between the
baseline climate (1973 - 2002) and the climate change scenario (20302059).

6.3. Runoff Response to Land Cover and Climate Change Scenarios

6.3.1. Ru11ojfRespo11se to L(/11d Cover C/z(lllge
Analysis of the three PNW-ERC land cover scenarios used in this study
show that by the year 2040, urban land use will encompass between 64.3 and
68.1% of the RCB. The development scenario exhibits the largest percent increase
in urban area (14.5%), while the conservation scenario shows the smallest percent
increase (8.07%). However, the Compact scenario contains the largest area in highdensity urban land use, while the Sprawl scenario contains the largest low-density
residential land use. This indicates that, even though the Sprawl scenario has more
urban land, it is more distributed throughout the basin, while the urbanization
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within the Compact scenario is much more concentrated. The Planned scenario
characteristics generally fall between the two other scenarios (medium); however, it
has a slightly closer resemblance to the conservation scenario. Figures 9, I 0, and 11
are maps of the urban land cover showing areas along US Highway 26 that
experience the greatest noticeable changes in urban land cover for the 2040
Compact, Planned, and Sprawl scenarios, respectively. A more detailed
examination shows that overall, the most expansion will occur with high-density
residential land use, with an increase from 5.9% in 2001 to between 12.0 and
12.4% in 2040, and low-density residential land use, with an increase from 30.0%
in 2001 to between 35.3 and 43.1% in 2040. According to the SWAT Theoretical
Documentation Neitsch et a!. (2005), high-density and low-density residential areas
· contain an average of 60 and 20% impervious surfaces and an average of 44 and
17% connected impervious surfaces, respectively. For the RCB, projected
urbanization for 2040 marks a significant increase in both factors, which could
contribute to changes in runoff characteristics.
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Urban Land Cover Types

h '' I Low-density Residential

B

Medium-density Residential
High-density Residential, Commercial
-Roads

Figure 10: Map showing the urban development within the RCB (near NW
185 1h Avenue) as modeled by the Compact land-cover scenario for 2040
(Source: PNW-ERC).
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Urban Land Cover Types

I '>I Low-density Residential

B

Medium-density Residential

-

High-density Residential, Commercial

-Roads

0--=1=::::~2KM
Figure 11: Map showing the urban development within the RCB (near NW

l851h Avenue) as modeled by the Plmmed land-cover scenario for 2040
(Source: PNW-ERC).
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Urban Land Cover Types

t': ; I Low-density Residential

IIIII Medium-density Residential
-

High-density Residential, Commercial

-Roads

Figure 12: Map showing the urban development within RCB (near NW
185 1h Avenue) as modeled by the Sprawl scenario for 2040 (Source: PNWERC).

Model results indicate that an expansion of urban land use will result in an
increase in mean annual runoff depths over the entire watershed from 57.28 em in
2001 to between 58.60 and 58.69 em by 2040, a 2.3 to 2.5% increase, respectively
(Table 14). Results also show that an annual reduction in ET will occur for each
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of the land cover scenarios, with the Sprawl scenario experiencing the largest
decrease (see Table 15).

Table 14: Modeled mean total annual runoff depths produced by the baseline
scenario and each of the PNW-ERC land change scenarios for 2040 with
contemporary climate.
·
Scenario
Baseline
Compact
Sprawl
Planned

% Change F1·om Baseline

Runoff(cm)
57.282
58.642
58.695
58.601

2.37
2.47
2.30

Trends in seasonal runoff changes revealed an increase in absolute change in
runoff depth of between 0.03 em to 1.47 em for all but the spring months (March,
April, and May), which exhibited slight decreases (see Figures 12 and 13).
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Figure 13: Modeled absolute changes in mean monthly runoff depths for
the RCB for each of the PNW-ERC land change scenarios with
contemporary climate, when compared to the baseline scenario.
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Figure 14: Modeled absolute changes in mean seasonal runoff depths for
the RCB for each of the PNW-ERC land change scenarios with
contemporary climate, when compared to the baseline scenario.

In fact, at the monthly scale, decreases in the absolute change in mnoff depth
started during the month ofFebmary and extended through to June. Overall, the
largest increase occurred in the fall season, patticularly during the month of
November, beginning month of the wet season. ET results at the seasonal scale
show a significant decrease during the summer months (see Figure 14) patticularly
in the months of July and August, but also to a lesser extent in June and September
(see Figure 15).
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In a comparison between the PNW-ERC scenario model results, the runoff
values were generally similar. The Sprawl scenario shows the highest increase in
absolute change from the baseline in annual runoff depth (1.41 em), followed by
the Compact scenario ( 1.36 em) and finally the Planned scenario (1.32 em).
Absolute changes in ET followed a similar pattern, with the Sprawl scenario
experiencing the greatest overall summer reductions, followed by the Compact and
finally, the Planned scenario (see Table 15).

Table 15: Modeled mean annual ET volumes in the RCB for the baseline scenario
and each of the PNW-ERC land scenarios.
Scenario
Baseline
Compact
Sprawl
Planned

ET (em)
37.465
36.345
36.266
36.390

% Change From Baseline
-2.990
-3.201
-2.871

6.3.2. Runoff Response to Climate Cfumge
Model results show that there are minimal changes in mean monthly runoff
depths during the snnnner and fall months (Figure 16); however, January has the
highest increase in runoff volume (+12.5%), which results in winter the highest
seasonal increase, despite the decrease in February runoff. Spring seasonal runoff
increases were only slightly smaller than during the winter, but the distribution was
more uniform throughout the months of the season.
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Figure 17: Modeled absolute changes in mean monthly mnoff depths for
the RCB for the modeled baseline climate change scenario compared to the
modeled baseline scenario.

Summer reveals a slight reduction in runoff and fall a slight increase (see Figure
17). Mean ET results show that the highest absolute increase occurs in June (0.27
em), followed by July (0.15 em), giving the summer season the highest increase
overall (see Figure 18). The largest reduction in ET takes place in September (see
Figure 19). At the yearly time scale, results show an increase in total annual mnoff
volume (Table 16) and ET (Table !?)throughout the basin resulting from climate
change.
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monthly ET for the baseline climate change scenario.

Table 16: Modeled mean annual runoff depths produced by the baseline scenario
and the baseline climate change scenario.
Scenario
Baseline
Baselfue + CC

Runoff(cm)
57.282
58.801

% Change From Baseline
2.65

Table 17: Modeled mean annual ET volumes produced by the baseline scenario
and the baseline climate change scenario.
Scenario
Baseline
Baselfue + CC

ET (em)
37.465
37.876

% Change From Baseline
1.097
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6.3.3. Runoff Response to Land Cover ami Climate Change
Seasonal (Table 18) and monthly (Table 19) results fi·om each of the three
combined land and climate scenario models show that, when compared to the
baseline, the Sprawl scenario generates the largest absolute runoff change of the
three scenarios during the winterseason (+1.36 em). The Planned scenario
generates the largest absolute mnoff change during the fall season (+ 1.83 em).

Table 18: Modeled total and percent changes in mean seasonal runoff volumes
(em) in the RCB for the baseline climate change scenario and each of the PNWERC land change scenarios for 2040 with climate change, when compared to the
baseline scenario.
Land Cover Scenarios with Climate Change
Month .
Winter
Spring
·summer
Fall

Baseline (em)_
27.338
18.254
5.615
6.075

Baseline
0.709 (2.6
0.640 (3.5
-0.092 (-1.6)
0.262 (4.3

Compact
1.330 (4.9)
-0.014(-0.1
-0.091 (-1.6
1.823 (30.0

S_])rawl
1.356 (5.0)
0.036 0.2
-0.075 -1.3)
1.807 (29.8

Planned
1.292 4.7)
-0.029 -0.2
-0.089 -1.68)
1.826 30.1
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00
......

September
October
November
December

Auaust

Month
January
February
March
April
May
June
July

Baseline (em)
Compact
Baseline
1.280 (13.0)
1.178 (12.0)
9.845
-0.739 -8.2)
-0.479 (-5.3)
9.011
0.249 3.0
-0.028 (-0.3)
8.322
-0.104 (-1.8)
0.!63 2.8
5.862
0.118 (2.9)
0.228 5.6
4.069
-0.006 -0.2)
-0.051 -1.9)
2.718
-0.071 -4.0)
-0.091 -5.1)
1.784
-0.015 -1.4)
0.050 4.5)
1.113
0.!03 (12.6)
0.817
0.285 34.9)
0.182 (15.2)
1.201
0.538 44.8)
-0.023
(
-0.6)
1.000 (24.7)
4.057
____8.483 _c.__Q.010 (O_,_!l_'-0.790 (9.3)

Sprawl
1.284(13.0
-0.717 (-8.0
-0.010 -0.1
-0.088 -1.5)
0.134 3.3)
-0.042 -1.5)
-0.084 -4.6)
0.051 4.6
0.279 34.1
0.530 44.1
0.999 (24.6
0.788 (9.3)
Planned
1.263 (12.8
-0.760 (-8.4
-0.039 (-0.5
-0.110(-0.5
0.119 (2.9)
-0.049 (-1.8)
-0.090 (-5.i)
0.051 4.6
0.281 34.4
0.5421 45.1
1.004 (24.7
0.789 (9.3)

Land Cover Scenarios with Climate Change

Table 19: Modeled absolute and percent (in paranthesis) changes in mean monthly runoff volumes (em) in the RCB for the
baseline climate change scenario and each of the PNW-ERC land change scenarios with climate change, when compared to
the baseline scenario.
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ET results show that for all the land cover scenarios, the largest change in ET will
occur from a reduction during the summer months, but pat1icularly during the
months of July, August, and September (see Figure 20). This is in contrast to the
baseline climate change scenario, which experiences an increase in ET during the
summer (see Figure 21).
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Figure 21: Modeled absolute change in monthly ET volume from the
baseline scenario for the baseline climate change scenario and the three
PNW-ERC land cover scenarios with climate change.
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Figul'e 22: Modeled absolute change in seasonal ET volume from the
baseline scenario for the baseline climate chatige scenario and the three
PNW-ERC land cover scenarios with climate change.

Although the absolute change in runoff depth is slight in spring and summer for
each of the scenarios, the Sprawl scenario shows the only positive result of the
three (Figure 22). Each of the land cover scenario models generates the largest
increase in runoff depths during the fall season, similar to their model results
without climate change. The combined land cover and climate change model results
each exhibit a considerable increase in mean annual runoff depths from both
baseline scenarios (Table 20). Out of the tlu·ee scenarios, the sprawl scenario
displays the largest mean annual depth, with a total of 60.41 em, a 5.5 percent
change from the baseline estimates.
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Figure 23: Modeled absolute changes in mean monthly runoff volume (em)
for the RCB for the baseline climate change scenario and each of the PNWERC land change scenarios with climate change, when compared to the
baseline scenario with climate change.

Table 20: Modeled mean total annual runoff volumes produced by the baseline and
each of the PNW-ERC land change scenarios for 2040 with climate change.
Scenario
Baseline (200 I)
Compact+ CC
Sprawl+ CC
Planned+ CC

Runoff(cm)

% Change From Baseline

57.282
60.331
60.407
60.282

5.32
5.45
5.24

When compared to the majority of monthly runoff depth results from the
baseline climate change scenario, the PNW-ERC land cover/climate change
scenarios each produce an amplified amount of runoff (Figure 23). The exception
to this trend occurs in month of March, April, August, and November, where the
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direction in runoff increases or decreases opposed each other. The largest
dissimilarity occurs in November, where the PNW-ERC scenarios exhibited the
highest increase in absolute volume from the baseline scenarios, while the baseline
climate scenario produced a slight decrease. At the seasonal scale, runoff depths for
the fall and winter were again amplified when compared to the baseline with
climate change; however, the summer results are generally the same, while spring
volumes seem to be underestimated. The largest absolute annual change in runoff
depth from the baseline climate change scenario occurs from the sprawl scenario,
.which exhibits a 1.61 em/year, or 2.73 percent, increase.
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Figure 24: Modeled absolute changes in mean seasonal runoff volume (em) for
the RCB for the baseline climate change scenario and each of the PNW-ERC
land change scenarios with climate change, when compared to the baseline
scenario with climate change.
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7. DISCUSSION

7.1. Influences of Climate Change in the RCB
The temper&ture and precipitation modifications derived fi·om the
ECHAM5 climate model signify a moderate change in the overall climate centered
on the RCB. The inclusion of the results from several other climate models would
provide a range of possible future paths for this time period and region, but was
beyond the scope of this study. Therefore, the extremes of climate projections are
not represented, but instead a reasonable estimation of how the climate in the RCB
of Pacific Northwest will be characterized between 2030 and 2059.
When evaluating the influence of climate change on river runoff amounts
between the Rock Creek study and other previous studies, comparisons are
influenced by the types of hydrological models used and study area characteristics.
In other basins throughout the western United States, climate change has had
various affects on runoff. Many of the watersheds studied in this region are
transitional, meaning that their runoff characteristics are influenced by both winter
precipitation and spring snowmelt. VanRheenen eta!. (2004) used the statistically
downscaled results from the DOE/NCAR Parallel Climate Model (PCM) (liSdegree resolution) with a 'business-as-usual' emissions scenario to assess runoff
affects in the Sacramento- San Joaquin River basins. They calculated a 1.2°C
increase in mean annual temperature throughout the mid-century and a 10 to 25%
decrease in precipitation. Reduced precipitation would occur primarily in winter
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and spring, beginning in 2020, becoming s.imilar to the baseline (1950- 1999) by
mid-century, and then decline again by 2080. Climate change results input into the
distributed Variable Infiltration Capacity (VIC) hydrology model determined that
the Sacramento- San Joaquin River would experience winter, spring, and summer
reductions in runoff volumes (actual numbers not available). In an analysis of the
semi-arid Colorado River basin using the same climate and hydrology model as
VanRheenen eta!. (2004), Christensen eta!. (2004) calculated a range of 1.0 to
1.7°C increase in temperature and a 3 to 6 percent reduction in mean annual
precipitation for the 2010 - 2067 time periods. As a result, the Colorado River
would experience a 14- 18% reduction in annual runoff between 2010 and 2069.
Runoff results from both studies are in pmt the result of less snowfall and earlier
snowmelt in the spring. Because the RCB israin-fed, its runoff response will not be
influenced by changes in snowmelt conditions, which accounts for some of the
differences in results among these studies.
When compm·ed to previous climate impact studies within the Pacific
Northwest, temperature and precipitation changes from the ECHAMS results are
mixed. The research projects warming trends throughout the entire Pacific
. Northwest region, but tends to show a slightly higher increase, on average, than this
study. This is most likely the result of the smaller scale of this research compared
to the larger scale PNW studies. Rock Creek is located at a low elevation and is a
rain-fed basin, and shows less sensitivity to projected changes in temperature,
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which affects snowmelt and subsequently runoff. There is also a trend of more
warming in higher elevations than lower elevations due to the albedo effect. As the
snow line retreats, new vegetated surface emerges. Dark surface is likely to
decrease albedo, which in turn leads to surface warming (Foley et al. 2005),
Results from regional studies are useful for comparison because of the
assumption that their projected changes in climate will be somewhat similar. The
Climate Impacts Group (CIG) used an ensemble oftwenty climate scenarios to
project an average annual temperature increase of 1.6°C (2.9°F) throughout the
Pacific Northwest between 2030 and 2060, with a range of 0.8°C (1.4°F) to 2.6°C
(4.6°F). Annual precipitation between the same time periods was projected to
change an average of +6%, with a range of -2% to + 18%, although most changes
will generally mimic natural variability until the late 21 ' 1 Century. Overall climate
patterns revealed warmer, wetter winters with warmer, drier summers (Mote et al.
2005, IPCC 2007). Using eight regional GCMs, Mote et al. (2003) estimated the
average regional warming at 2.3°C by the 2040s for the entire PNW. They found
that a slight decrease in summer rainfall combined with wetter winters would create
only a modest increase in annual precipitation.
Studies that focused on basins of much closer proximity to the RCB found
somewhat similar climate change results, although mnoff patterns were varied
because of the differing sizes and characteristics of each watershed. Climate change
projections for Rock Creek were much closer to those found tlu·oughout the
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Columbia River basin by Payne eta!. (2004). By using both the statistically
downscaled results from the PCM climate model and results fi·om a Regional
Climate Model (RCM) at Yz-degree resolution, they predicted mean annual
temperatures increases ofO.S"C between 2010 and 2039 and l.3°C between 2040
and 2069, whereas winter precipitation would change by -3 and +5 percent,
respectively. When these climate inputs were applied to the VIC hydrology model,
it was determined that the Columbia River would experience a -5 to 0% change in
annual average mnoff volume, with higher flows during the winter and spring and
lower flows in the summer.
Warming by 2040 in the RCB tended to be slightly less than found in the
Bull Run watershed (2.0°C) by VanRheenen eta!. (2003), which used statistically
downscaled outputs from four GCMs, including ECHAM4. Mean annual
precipitation would also increase slightly. Climate changes input into the
Distributed Hydrology, Soil-Vegetation Model (DHSVM) determined that stream
flows during the winter would increase as spring-time runoff decreases. Warming
within the RCB fell just below the 1.3 to 3.5°C increase in the Clackamas River
basin between 2020 and 2080 found by Graves and Chang (2007). The results of
two GCMs (HadCM2 and CCC) input into a GIS-based distributed hydrology
model projected a 13.7-46.4% increase in winter runoff, depending on the GCM
used. Climate results for Bull Run basin, the Clackamas River basin, and the Rock
Creek basin all found a slight increase in mean annual precipitation amounts. At the
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seasonal scale, the 1'eduction in summer rainfall and increase in winter rainfall for
Rock Creek minors these studies results; however, VanRheenen et al. (2003)
showed a reduction in spring precipitation for the Bull Run basin. According to this
study, Rock Creek will experience a seasonal shift in precipitation, whereby the
major increase will be occurring in the spring with a moderate increase in the fall
and winter. Monthly precipitation projections for Rock Creek generally follow
previous results for the region, although the February reduction was not recorded
by any other studies.
A rep01t by Palmer et al. (2004) for the Hagg Lake region of the Tualatin
River basin offers an interesting comparison to the results of this study because of
Hagg Lake's close proximity to Rock Creek (the same basin) and the report's use
of the BASINS hydrology model, a model related to AVSWAT-X and similarly
developed by the USDA. Using statistically downscaled outputs from six GCMs,
warming within the Tualatin River basin for 2040 was viltually identical to the
findings of this study. However, unlike this study, they found that, with the
exception of increased drying in August, trends in monthly precipitation for 2040
were similar to the 2000 climate and did not start to dramatically change until 2050.
The discrepancy between monthly precipitation patterns in the Tualatin basin and
Rock Creek sub-basin could be the result of their averaging of the multiple climate
scenarios, while this study used only one scenario.
The Hagg Lake region, situated in a more rural section of the Tualatin basin
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than Rock Creek, is projected to experience reduced annual stream flow by 2040,
when compared to the historic patterns. This will be driven by a 10 - 20% decrease
in summer stream flow. Although mean annual and winter precipitation is expected
to increase, rising temperatures and increases in ET will impact runoff during the
late-spring and summer. By contrast, the mean summer runoff in the RCB will only
fall approximately 2% by 2040, with minimal increases in ET. This difference in
runoff patterns from the two studies is most likely the result of a smaller amount of
ET occurring in the RCB because of comparatively less plant cover and more
impervious surfaces increasing the flashiness of runoff.
There were noticeable differences in seasonal and monthly responses
between the two studies. In Rock Creek, the seasonal runoff response followed
changes in precipitation due to climate change in the summer and fall; however, the
increase in runoff compared to precipitation was higher during the winter than the
spring. The spring showed the largest relative change in seasonal precipitation, yet
failed to illicit a similar response to spring runoff. At Hagg Lake, winter and spring
inflows are expected to decline by 2040, but increase between February and April
by 2060. Both studies show decreases in summer flow. Monthly results from the
impact of climate change on baseline runoff in the RCB suggest that the overall
runoff response generally followed the precipitation adjustments. At the seasonal
scale, changes in winter runoff exceeded those of spring runoff, even though the
spring season experienced a much greater increase in precipitation. One possible
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explanation is that the high increase in January runoff was able to dampen the
runoff response to reduced February precipitation, possibly from increased soil
saturation or gt'oundwater lag. This may have allowed the change in winter season
runoff to surpass that of the spring. Modifications in monthly and seasonal ET at
Hagg Lake and Rock Creek generally followed the expected patterns, exhibiting the
highest increases during the summer months.

7.2. Influences of Land Cover Change in the RCB
The changes in mean annualmnoffvolume created by each of the PNWERC land cover scenarios were similar to several other previous urban growth
impact studies in direction, but not necessarily in magnitude. Through the use of
the lumped physical model, L-THIA, Grove et al. (2001) found that as urban
growth developed between 1973 and 1991, annual runoff depths in the Little Eagle
Creek watershed, Indiana (70.5 km2) increased by 6.8 em, with a range of 0.8 to
10.2 em in its five sub-basins. Although no estimate of the amount of urbanization
was given, the changes generally depended on the amount of cultivated land
replaced by urban cover. Although the Rock Creek results (+2.5% in aruma! runoff
depth) fall within the range of change found by Grove et al. (200 1), their results
. exhibit a much higher average increase over a smaller watershed size. One possible
reason for the discrepancy is that the Grove et al. (200 1) analysis was conducted
during the watershed's initial period of rapid urban growth, when it was
transf01med from primarily grass and forest to mainly urban land cover. This
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contrasts with the Rock Creek baseline scenario where over 50% of the watershed
was already urbanized with the baseline scenario. This could account for the large
difference in volume results between the two studies.
Similarly, using sprawl and non-sprawl urban growth scenarios to study
urbanization in Muskegon River watershed, near Lake Michigan (7,032 km2), Tang
eta!. (2005) found that between 1978 and 2040, runoff depths would increase 5%
and 12% for sprawl and non-sprawl scenarios, respectively. Differences in runoff
results between each of the PNW-ERC scenarios were also suppo1ied by Grove et
a!. (2001) and Tang eta!. (2005), which also determined that unchecked urban
growth produced the highest increases in annual runoff. This followed the findings
of the Rock Creek study: that the sprawl scenario (low-density, unchecked urban
growth) would produce the highest increase in annual runoff depth, while the
planned and compact scenarios (higher-density urbanization) showed smaller
increases in annual runoff depth, comparatively. According to Scheuler (1994),
lower runoff volumes resulting from greater density urbanization is likely the result
of the creation of 'urban centers' that limit the amount of impervious surfaces and
exhibit less channel connectivity for storm drainage throughout the basin.
Each of the PNW-ERC scenarios exhibited slightly different ET results. A
wider distribution of urban land cover throughout the RCB (sprawl scenario) also
produced the largest decreases in summer ET. Although the cause of these
phenomena was not extensively researched in this study, there are several possible
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explanations. These reductions in ET may have been caused by the increased
flashiness and chanilelization of nmoff due to increased impervious surfaces, thus
providing less water available for ET (Dunne and Leopold 1994, Taha 1997,
Dingman 2002). Another contributing factor could be the replacement ofthe
existing plant canopy with impervious surfaces, thus reducing the amount of
transpiration taking place (Coutts et al. 2007). The mean annual reduction in ET
· likely influenced the resulting increase in falltunoff for all land cover scenarios, as
less summer ET would result in higher soil water saturation and eventually
contribute to a higher runoffresponse later in the year.

7.3. Effects of Climate Change and Urbanization
In this study, the Rock Creek models that accounted for both climate and
urban land cover change produced amplification in the magnitude of mean annual
runoff volumes and ET, when compared to tunoff results from the baseline and
either the climate scenario or the land cover scenarios. Recent studies in other
environments show similar effects from modeling the combined change on urban
land cover and climate. In a study comparing the impact of climate change between
39 urban and 21 rural watersheds throughout the United States, DeWalle et al.
(2000) used a regression model combining changes in mean annual temperature
and precipitation due to climate change with population density as a proxy for
measuring urbanization to estimate mean annual stream flow. Climate change data
were created using 10 different synthetic climate change scenarios, modifying
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temperature from 0°C to +4°C and precipitation from -20% to +20%. Their research
found that with a 10% increase in mean annual precipitation coupled with a 2% rise
in mean annual temperature, urban watersheds exhibited a 15% increase in mean
annual stream flow. The same climate change scenario only produced an 8%
change in mean annual streamflow in rural basins. Barlage et al. (2002) studied the
. potential change in runoff between 2090 and 2099 from the Huron River watershed
(2,230 km2) in Southeastern Michigan, using climate outputs from the Hadley
Coupled Climate Model (HadCM2) to drive the distributed Biosphere-Atmosphere
Transfer Scheme (BATS/HYDRO) hydrology model. The land cover scenario used
was constructed from the local government's growth projections for 2020. They
found that changing both climate and urban land use resulted in a 4.3% increase in
the percentage of precipitation to surface runoff from the baseline (1994- 2003),
compared to 2.5% with only climate change modeled with baseline land cover and
1.6% with only the land cover change scenario. The largest decrease in
precipitation to surface evaporation was also produced from the combined climate
and land change scenario, which undoubtedly contributed to the increased runoff.
This exhibits a greatly amplified increase in runoff results when both factors are
combined in the modeling process.
As previous climate and land cover change studies only address runoff or
stream flow changes at the mean annual scale, this study provides an opportunity
for the analysis of inter-annual variability brought on by both factors. The
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combined climate and land cover scenarios produced the largest increases in runoff
depth in the fall and winter compared to the baseline, indicating that the timing of
seasonal runoff will start earlier in the water year and end.earlier as well. This was .
evident in the large increase in November runoff and decrease in February.
Although this pattern matched the land cover scenario results, runoff depths were
considerably higher for the combination scenarios (+5.1% in winter and +23.5% in
fall for the sprawl scenario) compared to the land cover scenarios only (+1.9% in
winter and +18.4% in fall for the sprawl scenario). However, the reduction in
spring runoff exhibited by the land cover scenarios was not seen in the combination
scenarios. This could be the result of a runoff lag from higher winter precipitation
produced by climate change. Monthly and seasonal differences were also found
between the combination scenarios and the climate change baseline. The greatest
differences were the result oflarge increases in November and December from the
combination scenarios, greatly amplifying the fall and winter response, while
almost no change occurred with the climate change baseline. Spring showed very
little change in runoff compared to the climate change scenario, indicating a
possible dampening effect caused by urbanization for this patt of the year.
Although climate change projected an increase in rainfall during the spring, it is
possible the reduction in runoff during late winter allowed for the absorption of
precipitation into the soils once the rainfall increased again in March, thus carrying
over the reduction of runoff to the subsequent spring months. Overall, these
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findings further support the amplification of tunoff that has been found in previous
climate and land cover change studies.

7.4. Caveats
As previously noted, there is a certain measure of uncertainty inherent in
attempting to model the natural world. Therefore, it is important to emphasize
cet1ain assumptions and caveats that were made in the development of this study.
First, five years of Rock Creek runoff data available for the calibration and
validation of the AVSWAT-X hydrology model may have affected the model's
accuracy in estimating runoff for longer time periods. While five years of data
provides a 'snapshot' of river characteristics, it would not necessarily be able to
fully capture the runoff variations that would occur over 30 years or more.
Second, it is possible that the differences in the categorization of land types
between the baseline and the PNW-ERC scenarios within the AVSWAT-X model
introduced a measure of uncertainty in modeling runoff. Because the PNW-ERC
datasets contained a much greater number of land cover category types than those
of the NRCS200 I dataset, introducing an amount of subjectivity into the modeling
method was inevitable.
Third, the climate change scenario used in this study is considered to be a
moderate projection of future climate of the RCB. The addition of the projections
from several other climate models would offer a wider range of possible outcomes
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for the 2040 time period. It might also better illustrate the non-linear response of
runoff depths to greater changes in precipitation and temperature.
Finally, analysis at the daily time scale might provide a more revealing
method for assessing changes in runoff caused by the impacts of urban growth.
Urbanization tends to cause increased flashiness of nmoff in response to storm
events, which would be better captured at the daily scale (Chang 2007). Monthly
and seasonal scales may be too coarse to pick up the most telling signals of change.
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8. CONCLUSIONS

The Rock Creek basin is projected to experience modifications in the timing
and volume of runoff during the mid 21 ' 1 Century caused by continued urban
growth and climate changes. An assessment of the RCB using regionally specific
downscaled climate and land cover scenarios and a GIS-based semi-distributed
hydrologic model was effective in quantifying these impacts. The hydrologic model
AVSWAT-X was successfully calibrated for the 2001-2003 period (R2 = 0.90) and
validated for the 2004- 2005 period (R2 = 0.66) using contemporary climate and
runoff data, as well as available GIS data of the physical characteristics of the study
area. Monthly, seasonal, and annual runoff depth and ET were calculated for the
entire basin for the contemporary period, 1973 - 2002, and the future time period,
2030-2059.
The results of this study support the hypothesis that the combination of both
climate change and urbanization would amplify the runoff from the RCB during the
21 ' 1 Century. Statistically downscaled climate change results from the ECHAM5
GCM found that the region would experience an increase of 1.2°C in the average
annual temperature and a 6% increase in average annual precipitation between
2030 and 2059. These climate changes are within the range projected by the
majority of other regional studies for this time period. This study projects an 8% to
15% expansion of urban land use throughout the RCB will result in a 2.3% to.2.5%
increase in annual runoff depths, respectively. Distribution of urban land use
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throughout the RCB also impacted runoff characteristics, with compact urban
growth producing the smallest increase in runoff depth. Projected climate changes
for the basin using land cover for 200 I resulted in a 2. 7% increase in mean annual
runoff depth. These changes would primarily occur during the spring (+3.5%) and
winter (+2.6%), with reductions during the summer season (-1.7%). However,
when changes in both climate and urban land cover are considered, results reveal
amplification in rnnoff depth for the basin. The urban sprawl scenario produced the
highest increase in runoff depth (+5 .5%) under the climate scenario, while
urbanization reflecting cunent regional growth plans produced the lowest increase
(+5.2). An amplification of runoff resulting from the combination of urbanization
and climate changes, when compared to only climate or urban land changes, was
one of the significant findings of this study.
One of the primary strengths of this research is its inclusion of climate and
land cover scenarios designed specifically for the RCB and surrounding area. The
three land cover scenarios provided by the PNW-ERC were created specifically for
determining the affect of land use planning on the environment, as well as assisting
in alternative futures analysis. Because these datasets were designed with the help
of regional stakeholders, scientists, and policy makers, they are able to present
more realistic projections of potential growth in the basin. Similarly, the highresolution climate scenario made available by the CIG is able to provide a more
robust projection of how climate may change in the future within the RCB. The
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ECHAM5 GCM accurately reproduces the 20th centmy climate and is also
considered able to well-represent possible future regional climate change. The
temperature and precipitation data from the ECHAM5 GCM is the most current
assessment for the basin, using the most up-to-date climate model and downscaling
techniques available. Finally, this study also investigates the influence that
differing urban densities within a watershed can have on runoff. When coupled
with climate change effects, this study is able to make a contribution to the small,
but growing, amount of research on this subject.
Several assessments have determined that the combined affect of climate
and urban land cover changes during the 21st Century would produce amplified
runoff results, when compared to research only considering one of these variables.
Results from this study agree with previous research and suggest that the direction
of these impacts would be similar in urbanizing watersheds of comparable size. The
robustness of this study, however, is limited by its use of only one climate scenario
in the analysis and the availability of a shott time period of runoff data from which
to calibrate and validate the hydrologic model. This· illustrates the complexity of
modeling natural systems and emphasizes the necessity for considering both
climate and land cover changes at different scales in future runoff impact
assessments.
Future oppottunities for related research include the use of downscaled
climate data from different GCMs and introducing updated urbanization scenarios, ·
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as they are available. Expanding the different sources of data and models would
help increase the confidence water resource managers may have in assessment
results and provide a measure of uncertainty to better help them evaluate possible
risk. Water resource managers would also benefit from research evaluating how
changes in the timing and volume of runoff from urban watersheds would affect
water quality. As the population of the RCB increases, the natural stream system
will become more stressed, making it increasingly difficult to maintain acceptable
water quality. The methodology used in this study would be a positive step toward
creating more realistic runoff assessments that would assist water resource
managers in developing more resilient water resource policies for the future.
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10. APPENDIX
Table A.l: PNW-ERC land cover projection land cover types and the
corresponding SWAT land cover categories.
Class Code

Class Description

I

Residential, 0-4 DUlac

2
3
4
6
7
8
10

Residential, 4-9 DUlac

Commercial

II

Urban non-vegetated u1known

16
18
20
21
24
33
39
49
51
52
53
54
55
56
57
58
59
60
61
62
66
67
68
71

Rurual structures

Residential, 9-16 DUlac
Residential, > 16 DUlac
Commcrcialllndustrial
Industrial
Residential/Industrial

Railroad
Secondary roads

Li•ht duty roads
Rural non-vegetated unknown
Pennanent Lentic? Water
Topographic shadow
Urban tree overstoJY
Urban forest oven
Urban forest semi-closed mixed
Forest closed hardwood
Forest closed mixed
Upland forest semi-closed conifer
Conifers 0-20 vrs
Forest closed conifer 21-40 yrs
Forest closed conifer 41-60 yrs
Forest closed conifer 61-80 yrs
Forest closed conifer 81-200 vrs
Forest closed conifer >200 vrs
Upland forest semi-closed hardwood

Hybrid Poplar
Grass seed rotation
Irri.Rated annual' rotation
Grains

72

Nursery

73
74
76
78

Berries & vineyards
Double cropping
Mint
St1gar beet seed

-

SWAT Code
URLD
URMD
URMD
URHD
URHD
URHD
URHD
URHD
URMD
URLD
TRAN
TRAN
TRAN
BERM
WATR
BERM
URLD
URLD
URLD
FRSD
FRST
FRSE
FRSE
FRSE
FRSE
FRSE
FRSE
FRSE
FRSD
FRSD
HAY
AGRL
HAY
AGRL
AGRL
AGRL
AGRL
HAY

SWAT Definition
Residenliai-Low Density
Residential-Medium Density
Residential-Medium Density
Residentiai-Hig_h Density

Residential-High Density
Residential-High Density
Residential-High Density
Residential-High Density
Residential-Medium Density
Residential-Low Density
Transportation
Transportation
Transportation
Bermudagrass
Water
Bermudagrass
Residential-Low Densitv
Residential-Low Density
Residential-Low Density
Forest-Deciduous
Forest-Mixed
Forest-Evergreen
Forest-Evergreen
Forest-Evergreen
Forest-Evergreen
Forest-Evergreen
Forest-Evergreen
Forest-Evergreen
Forest-Deciduous
Forest-Deciduous

Hay
Ag-ricultural Land-Generic
Hay
Agricultural Land-Generic
Agricultuml Land-Generic
Agricultuml Land-Generic
Agricultural Land-Generic

Hay
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Class Code

79
80
82
83
84
85
86
87
88
89
90
91
92
93
95
101

Class Description

SWAT Code

SWAT Definition

Row crop

AGRL

Agricultural Land-Generic

Grass seed rotation

HAY

Hay

Field crop

AGRL

Agricultural Land-Generic

Hayfield

HAY

Hay

Late field crops

AGRL

Agricultural Land-Generic

Pasture

HAY

Hay

Natural grassland

SWGR

Slender Wheat Grass

Natural shrub

SWRN

Range-SW United States

Bare/fallow

RNGE

Range Grasses

Flooded/marsh

IVETF

Wetlands-forested

Irrigated perennial

AGRL

Agricultural Land-Generic

Turfgrass

HAY

Hay

Orchard

AGRL

Agricultural Land-Generic

Christmas Tress

FRSE

Forest-Evergreen

Conifer woodlot

FRSE

Forest-Evergreen

Wet shrub

WE1N

Wetlands-Non forested
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Table A.2: The USGS 200 I land cover codes and the corresponding AVSWAT -X
categories chosen to reclassifY the land cover layer .

.

USGS
Land Use Definition
Value
Open Water
11
21
Developed, Open Space
22
Developed, Low Intensity
23
Developed, Medium Intensity
Developed, High Intensity
24
Barren Land (Rock/Sand/Clay)
31
41
Deciduous Forest
42
Evergreen Forest
Mixed Forest
43
52
Shrub/Scrub
Grassland/Herbaceous
71
81
Pasture/Hay
Cultivated Crops
82
90
Woody Wetlands
Emergent Herbaceous Wetlnds
95

SWAT
Value
WATR
BERM
URLD
URMD
URHD
RNGE
FRSD
FRSE
FRST
SWRN
SWGR
HAY
AGRL
WETF
WETN

Land Use Definition
Water
Bermuda Grass
Residential-Low Density
Residential-Medium Density
Residential-High Density
Range Grasses
Forest-Deciduous
Forest-Evergreen
Forest-Mixed
Range-SW United States
Slender Wheat Grass
Hay
Agricultural Land-Generic
Wetlands-Forested
Wetlands-Nonforested
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Table A.3: Shows the HRU distribution within the Rock Creek watershed.

MULTIPLE HRUs LandUse/Soil OPTION
Number ofHRUs: 161
Number of Subbasins: 33

THRESHOLDS: 10/5 [%)

-------------------------------------------------------------------------------------------------------------------------

WATERSHED:
LANDUSE:
Residential-High Density-->URHD
Water-->WA TR
Wetlands-Forested-->WETF
Bermudagrass-->BERM
Forest-Deciduous-->FRSD
Forest-Evergreen-->FRSE
Slender Wheatgrass-->SWGR
Forest-Mixed-->FRST
Hay-->HAY
Residential-Low Density-->URLD
Agricultural Land-Generic-->AGRL
Residential-Medium Density-->URMD
SOIL:
OROSI
OR082
OR090
OR096
OR098

Area [ha]
19034.4999

Area [acresJ
47035.2010

%Wat.Area

740.2541
2.4319
1!.6456
665.9264
209.1927
878.1045
135.5986
1400.3957
2689.8271
6637.0128
365.1048
5299.0056

1829.2050
6.0093
28.7768
1645.5375
516.9257
2169.8402
335.0709
3460.4478
6646.6972
16400.3904
902.1922
13094.1079

3.89
0.01
0.06
3.50
1.10
4.61
0.71
7.36
14.13
34.87
1.92
27.84

319.1443
8382.8313
1636.3288
19.6887
8676.5068

788.6215
20714.3954
4043.4502
48.6518
21440.0821

1.68
44.04
8.60
0.10
45.58
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Table A.4: This table shows the 27 different parameters considered in the output of
the automated sensitivity analysis tool, a brief description of each one, and the
relative ranking (Source: Neitsch et al. 2004).

Parameter
CN2
CH_K2
Sur lag
ALPHA BF
Sol z
SOL AWC
TIMP
SFTMP
SMFMX
SMTMP
ESCO
Ch n
Sol k
Canmx
SLOPE
SLSUBBSN
SMFMN
Sol alb
Epco
BIOMIX
GWQMN
GW_REVAP
REVAPMN
TLAPS
GW DELAY
Rchrg dp
Blai

Description
SCS runoff curve number, moisture
condition II
Effective hydraulic conductivity in main
cham1el alluvium
Surface runoff lag coefficient
Base flow alpha factor
Depth from soil surface to bottom of layer
Available water capacity of the soil layer
Snow pack temperature lag factor
Snow melt base temperature
Melt factor for snow on June 21
Snowfall temperature
Soil evaporation compensation factor

Manning's "n, value for tributary

Unit
Range

mm/hr
N/A
Days
mmH20
/mm soil
N/A
'C
N/A
'C
N/A
N/A

channels
Saturated hydraulic conductivity
Maximum canopy storage
Slope
Average slope length
Melt factor for snow on December 21
Moist soil albedo
Plant uptake compensation factor
Biological mixing efficiency
Threshold depth of groundwater required
for return flow to occur

mm/hr
mmH20
m/m
m
N/A
N/A
N/A
N/A
mmH20

Groundwater ''revap'' coefficient, moves

N/A

water from shallow aquifer to root zone
Shallow water depth threshold in shallow
aquifer
Temperature lapse rate
Delay the groundwater recharge
Deep aquifer percolation fraction
Maximum potentia11eaf area index

mmH20
'C/km
Days
N/A
N/A

Rank

Calibrated

I

X

2

X

3
4
5

X
X

6

X

7
8
9
10
II

.

X

12
13
14
15
16
17
18
19
20
28
28
28
28
28
28
28
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